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ABSTRACT 
 
DEVELOPMENT AND APPLICATION OF A NOVEL PULSED EPR APPROACH FOR 
MEMEBRANE PROTEIN LOCAL SECONDARY STRUCTURE CHARACTERIZATION 
 
by Lishan Liu 
 
Membrane proteins perform a variety of important biological functions which are 
essential to the survival of organisms. However, due to their inherent hydrophobic 
nature and complexity of their native environments, it is extremely difficult to gain 
structural information of full-length membrane proteins in their native-like environments 
using traditional biophysical techniques. This dissertation presents the development and 
application of a novel local secondary structure approach for membrane proteins and 
peptides using spin label EPR spectroscopy. Utilizing site-direct spin-labeling (SDSL) 
and Electron Spin Echo Envelope Modulation (ESEEM), local secondary structure of 
membrane proteins and peptides can be identified with µg scale of sample within a 
couple of hours. Background of this methodology can be found in Chapter 1. Detailed 
experimental procedure and data analysis of this ESEEM approach are described in 
Chapter 2. In the following chapters, this ESEEM approach was used to map out a 
model transmembrane α-helical peptide embedded in bicelles (chapter 3, 4 and 5). We 
demonstrated that a unique ESEEM pattern can be obtained with multiple 2H-labeled 
amino acids to identify α-helical structural components. Also, it was shown with model 
peptides that an α-helix and a β-strand can be distinguished via this ESEEM approach 
(Chapter 6). Moreover, we showed that this technique can be extended to probe the 
local secondary structure of full-length proteins that were difficult to study with other 
biophysical techniques.  Two different sites of the full length human vimentin protein 
with available X-ray structures from fragments was studied with this ESEEM approach 
and local structural information was obtained (Chapter 7). Final remarks and future 
directions are also discussed to conclude this study (Chapter 8). 
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Chapter 1 
Introduction: Membrane Proteins, Spin Labeling, and Electron 
Paramagnetic Resonance (EPR) Spectroscopy 
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1.1 Membrane Proteins and Membrane Protein Structures Determination 
        Membrane associated and embedded proteins represent more than half of 
therapeutic targets of current commercially available drugs and therapies (Lieberman et 
al., 2011). More than 30% of the known human genome encodes membrane proteins 
(Congreve and Marshall, 2010; Kang et al., 2013; Moraes et al., 2014). Membrane 
proteins are responsible for exchanging of signals and chemicals crossing membranes 
(Itier and Bertrand, 2001; Kloppmann et al., 2012; Landreh and Robinson, 2015; von 
Heijne, 2007). Mutations or misfolding of membrane proteins are associated with 
numerous human dysfunctions, disorders and diseases (Garman, 2014; Huang and 
Mohanty, 2010; von Heijne, 2007).  
 
Figure 1.1 Representation of relationships between membrane protein structure, 
dynamics and function 
 
        Figure 1.1 shows the relationship between protein structure, dynamics and 
function. Detailed structural and dynamic information of membrane proteins are vital for 
elucidating protein functions, intermolecular interactions and regulations (von Heijne, 
2007). It is also crucial to improve our understanding of basic mechanisms of disease 
pathways which will benefit novel clinical therapy developments and rational drug 
designs (Congreve and Marshall, 2010). Despite the abundance and importance of 
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membrane proteins, they are severely underrepresented in the Protein Data Bank 
(PDB). Among more than 70,000 determined 3D protein structures in the PDB, only 
around 500 structures are membrane proteins (Das et al., 2015; Garman, 2014; Kang et 
al., 2013; Moraes et al., 2014; Wang and Ladizhansky, 2014). 
        Despite enormous efforts that have been put into membrane protein structural 
biology in the past two decades, membrane proteins are inherently difficult to 
characterize (Baker, 2010a; Bordag and Keller, 2010; Das et al., 2015; Midgett and 
Madden, 2007). Membrane proteins interact with at least three different environments: 
the hydrophobic core of the lipid bilayer, the charged head group region of lipids and the 
aqueous environment outside of the membrane. As a result, membrane proteins are 
usually highly flexible, highly hydrophobic and only stable in particular conditions 
(Cowieson et al., 2008). Therefore, there are still several bottlenecks on the pathway to 
structural information of membrane proteins utilizing traditional biophysical techniques 
such as X-ray crystallography and NMR (Baker, 2010a; Bordag and Keller, 2010; Feng 
et al., 2011; Kang et al., 2013; Moraes et al., 2014). Those techniques require a certain 
amount of protein of interests (mg scale quantities) to generate high resolution 
structures. However, prokaryotes (such as E.coli) or some eukaryotes (such as yeast) 
that are very efficient in overexpressing water soluble proteins have low expression 
yield for membrane proteins (Bahar et al., 2010; Midgett and Madden, 2007). Moreover, 
those expression systems usually lack folding machineries, post-translation machineries 
and native membrane environments for membrane proteins from higher organisms. 
Therefore, membrane proteins produced by those systems are often misfolded, 
denatured or lacking in post-translation modification (Baker, 2010a; Midgett and 
Madden, 2007). Thus, it is normally very challenging, expensive and time consuming to 
produce enough active membrane proteins for NMR or X-ray studies. In addition, it is 
very challenging to get high quality 3D crystals with suitable size or crystal density for X-
ray diffraction studies due to the hydrophocibity of membrane proteins (Baker, 2010b; 
Garman, 2014; Lieberman et al., 2011). Also, the size of protein-detergent micelle or 
protein-liposome complexes usually cause significant anisotropy in solution NMR which 
gives rise to spectra line broadening and overlapping (Das et al., 2015; Huang and 
Mohanty, 2010; Wang and Ladizhansky, 2014). 
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        Although the rapid development of NMR spectroscopy and X-ray crystallography 
resulted in a substantial increase in the speed of new protein structure determinations, 
some issues remain generally unattainable with these powerful methods (Bordag and 
Keller, 2010; Huang and Mohanty, 2010). The conformation found in the crystallized or 
detergent-dissolved molecules may not represent the biologically active one (Columbus 
and Hubbell, 2002; Klug and Feix, 2008; McHaourab et al., 2011). Thus, biological and 
biophysical methods that offer dynamic representations of functionally active proteins in 
native or native mimetic environments are currently of exceptional interest.  
 
1.2 Electron Paramagnetic Resonance Spectroscopy   
        Besides those traditional biophysical techniques which provide atomic level 
structures, membrane protein structural biologists also benefit greatly from other 
structural methods (Cowieson et al., 2008). Techniques such as mass spectrometry, 
Raman spectroscopy, fluorescence spectroscopy, chemical cross-linking and 
computational modeling have all been shown to provide valuable information about 
membrane proteins such as structure, dynamics and interactions with lipids (Bahar et 
al., 2010; King et al., 2008; Kloppmann et al., 2012; Landreh and Robinson, 2015; 
Roach et al., 2012; Tang and Clore, 2006).  
        Over the past decade, electron paramagnetic resonance (EPR) spectroscopy 
combined with site directed spin labeling (SDSL) has emerged as a powerful method for 
investigating protein structure and dynamics (Hirst et al., 2011; Hubbell et al., 2013; 
Hubbell et al., 1996; Klug and Feix, 2008). EPR is a powerful biophysical technique for 
studying materials with unpaired electrons. It was first observed over a half century ago 
and has been particularly useful on characterizing organic radicals, metal complexes 
and materials with paramagnetic centers (Altenbach et al., 1989; Force et al., 1997).  
        Basic concepts of EPR are analogous to those of NMR, but EPR observes electron 
spins instead of nuclei spins. Figure 1.2 (upper) shows a typical energy level diagram of 
a free unpaired electron in static magnetic field B0. An electron has a magnetic moment 
with spin quantum number S= ½. Thus, it has two magnetic quantum states ms=+½ and 
ms=-½. In the absence of an external magnetic field, these two quantum states have the 
same energy. In the presence of an external magnetic field with strength B0, the 
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electron magnetic moment aligns either in parallel (ms=-½.) or antiparallel (ms=+½) to 
the field. The energy difference between the ground state and excited state can be 
calculated by Eq. 1.1:  
∆E=gβeB0      (1.1) 
where g is the g- factor, βB is the Bohr magnetron (joules ∙ Gauss
-1), and B0 is the 
applied magnetic field (Gauss). Electrons in the external magnetic field can transit 
between ground state and excited state by absorb or emit a photon with energy hν=∆E. 
Thus, the transition occurs at the condition described in Eq. 1.2: 
∆E= hν=gβeB0    (1.2) 
where h is Planck's constant, ν is the frequency of the photon. The condition at which 
the absorption occurs is called resonance. Figure 1.2 (middle) is an absorption 
spectrum of free unpaired electrons. However, EPR spectra are normally recorded as 
the first derivative of the absorption signal (Figure 1.2 bottom).  
        Because the electron has a relatively high magnetic moment, EPR provides the 
necessary sensitivity to yield spectra with an excellent signal-to-noise ratio from 
samples with low concentration of proteins (in μmol scale) when compared to NMR. 
This nature of EPR makes it a excellent technique to study membrane protein systems 
(Hubbell et al., 2013; Klare and Steinhoff, 2009; Klug and Feix, 2008; Sahu et al., 
2013a).  
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Figure 1.2 Energy level diagram and EPR signals of a free unpaired electron 
 
1.3 Spin Labeling EPR Techniques and Applications in Protein Structures 
        Originally, biological EPR applications were limited to metalloproteins possessing 
paramagnetic centers or enzymes with radical cofactors. The absence of unpaired 
electrons in most biological materials would appear to impede the application of EPR 
methods. However, molecular biology techniques allow for the engineering of cysteine 
residues at targeted positions in proteins and protein complexes. Therefore, a nitroxyl 
spin label with a stable unpaired electron can be attached to the cysteine residue 
through disulfide bond (Columbus and Hubbell, 2002; Columbus et al., 2001). Thus, 
EPR spectroscopy is actually advantageous when coupled with SDSL. There are only 
limited number of spin labels that can be placed on selected molecules at specified 
sites. Since only a small number of spins contributes to the EPR experiment regardless 
of the size of the protein or protein complex of interest, the resulting EPR spectra 
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usually are simple and easy to interpret. Such specifically placed unpaired electrons can 
be used to monitor a local environment via the usual parameters of a nitroxyl spin label 
such as mobility, spin-spin interactions, relaxation time and accessibility (Columbus and 
Hubbell, 2002; Fanucci and Cafiso, 2006; Hubbell et al., 1996) 
 
1.3.1 Spin Labeling EPR Techniques  
 
q  
Figure 1.3 MTSL spin-labeling scheme (Columbus and Hubbell, 2002) 
 
        The methanethiosulfonate spin label (MTSL) is currently the most utilized spin 
label. Figure 1.3 shows the MTSL nitroxyl spin-labeling scheme. Spin labeling a protein 
is accomplished by adding 5 to 10 fold excess spin label to a protein in solution. The 
reaction is allowed to take place for up to 24 hours based on the hydrophobicity of the 
amino acids surrounding the labeling position (Altenbach et al., 1989; Columbus and 
Hubbell, 2002; Liu et al., 2012). The resulting side chain, designated as R1, is 
comparable to phenylalanine or tryptophan side chains in molecular volume and exerts 
a negligible influence on the biological activity and stability as well as does not change 
the secondary structure (Batchelder et al., 1982; Beier and Steinhoff, 2006; Columbus 
and Hubbell, 2002; Sezer et al., 2008a, b, c). A more detailed description of site-direct 
spin-labeling (SDSL) techniques can be found in literatures (Columbus and Hubbell, 
2002; Hubbell et al., 2013; Klug and Feix, 2008). 
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Figure 1.4: An energy level diagram and CW-EPR spectrum of a nitroxide spin label 
 
        The most frequently used EPR technique is continuous-wave EPR (CW-EPR). 
CW-EPR experiments are performed by applying a constant microwave radiation to a 
sample while sweeping the external magnetic field B0. Figure 1.4 (upper) shows the 
energy splitting of the unpaired electron from a nitroxide spin label in the magnetic field. 
The nitroxide spin label system comprises one unpaired electron (S=1/2) hyperfine 
coupled to a 14N nucleus (I=1). As mentioned above, the previously degenerate energy 
levels of the unpaired electron (ms=+½ and ms=-½) split due to the electron Zeeman 
effect in the external magnetic field B0. Each energy level further splits into three energy 
levels due to the hyperfine coupling between the electron spin and 14N nucleus spin 
(I=1). Figure 1.4 (bottom) shows the corresponding CW-EPR spectrum at X-band (8-10 
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GHz) for a free MTSL. According to the selection rules ΔMs = ±1 and ΔMI = 0, three 
transitions can be induced by electromagnetic radiation with the appropriate energy 
(Klare and Steinhoff, 2009; Klug and Feix, 2008). Therefore, there are three transitions 
observed in the MTSL CW-EPR spectrum centered in the resonance position and 
separated by the hyperfine coupling. 
 
1.3.2 CW-EPR and its Applications in Membrane Protein Structural studies 
 
Figure 1.5: CW-EPR applications on investigating membrane protein structures 
(Fanucci and Cafiso, 2006; Inbaraj et al., 2007). 
 
        CW-EPR spectra line shape is very sensitive to spin label dynamics and its 
orientation with respect to the external magnetic field (Klare and Steinhoff, 2009). Both 
Zeeman splitting (g-tensor) and hyperfine splitting (A-tensor) are orientation-dependent. 
Thus, the orientation of the spin label with respect to the external magnetic field 
influences the position and shape of the CW-EPR spectra (Klare, 2013). Figure 1.5(B) 
shows a CW-EPR method developed in the Lorigan lab using a rigid spin label and 
aligned bilayers to determine insertion angle of tansmembrane peptides. Significant 
changes are observed in the hyperfine splitting values at various orientation of the spin 
labeled transmembrane helix with respect to the static magnetic field. The hyperfine 
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splitting values obtained from the orientational dependent EPR spectra allow the helical 
tilt angle of the transmembrane helix to be determined (Inbaraj et al., 2007). In addition, 
the line shape of room-temperature (RT) CW-EPR spectra is very sensitive to the 
reorientational motion of the spin label side chain due to partial motional averaging of 
the anisotropic components of g- and A- tensors. Figure 1.5(A) demonstrates the effect 
of spin label side chain dynamic motions on the line shape of CW-EPR spectra. The 
influence of nitroxide dynamics on the EPR spectral shape and its relationship to protein 
structures has been extensively studied and reviewed (Columbus and Hubbell, 2002; 
Columbus et al., 2001; Fanucci and Cafiso, 2006; Mchaourab et al., 1996). As 
demonstrated in Figure 1.5(C) and 1.5(D), analysis of CW-EPR spectra parameters 
such as the center line width (∆H0) and the over-all spectrum width (Azz') can provide 
valuable information about structures (helix or loop), topology (membrane embedded or 
surface associated) and local environments (solvent exposed or buried).  
 
1.3.3 Pulsed EPR and its Applications on Membrane Protein Structures 
        Another approach to study membrane protein structures utilizing EPR is pulsed 
EPR spectroscopy. Pulsed EPR spectroscopy involves the perturbation of a spin 
system by applying a series of short and intense microwave pulses (Schweiger and 
Jeschke, 2001). Recently, pulsed EPR spectroscopy has become a very powerful 
structural biology tool to provide structural and dynamic information about biomolecules. 
        Double electron-electron resonance (DEER) can be used to provide middle to long 
range (20 Å to 80 Å) interspin distances (Baber et al., 2015). It provides not only mean 
distances but also distance distributions over the experimentally accessible distance 
range. Thus, DEER distance constraints can be used for modeling protein structures, 
complex formation between biomolecules, and conformational changes during enzyme 
activities (Klare and Steinhoff, 2009; Sahu et al., 2014b; Sahu et al., 2013b). 
        Electron spin echo envelop modulation (ESEEM) is another pulsed EPR technique. 
(Stoll et al., 2005). It measures short range distance between an unpaired electron and 
NMR active nuclei in the close vicinity of the unpaired electron (Baber et al., 2015; 
Lorigan et al., 1994). ESEEM spectroscopy has been widely utilized for the study of 
paramagnetic metal centers in metalloproteins such as radical formation, metallo-
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enzyme mechanisms, metal binding and coordination (Bartucci et al., 2014; Carmieli et 
al., 2006; Cieslak et al., 2010; Deligiannakis et al., 1995; Deligiannakis and Rutherford, 
2001). It has been used to investigate penetration of water into membranes, localization 
of proteins or lipids in lipid membranes (Bartucci et al., 2014; Carmieli et al., 2006; Liu et 
al., 2012; Mayo et al., 2011; Milov et al., 2009). However, its application on membrane 
protein structures and interactions are underrepresented. In the following chapter, basic 
principle, experimental setup and data analysis are described in details for ESEEM 
spectroscopy and its application on probing secondary structures. 
 
1.4 Conclusion 
        Here a novel approach is established and developed in the Lorigan lab to 
investigate membrane proteins and peptides local secondary structure utilizing the 
pulsed-EPR technique of Electron Spin Echo Envelope Modulation (ESEEM). Coupled 
with site-directed spin-labeling (SDSL), local secondary structure, such as an α-helix 
and β-strand, of membrane proteins and peptides can be identified via this ESEEM 
approach with a small amount of sample, short acquisition time and minimal data 
analysis compared to other techniques such as solid-state NMR (Liu et al., 2012; Mayo 
et al., 2011; Zhou et al., 2012). In the next Chapter, the motivation for developing this 
methodology is discussed. Also, ESEEM theory, experimental setup and data analysis 
are descried (Chapter 2). In following Chapters (Chapter 3-6), the feasibility, efficiency 
and accuracy of this ESEEM approach will be demonstrated in model peptide system. 
In addition, applications of this approach in the full-length vimentin protein from 
overexpress system will be presented (Chapter 7).  
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2.1 Abstract   
        Revealing detailed structural and dynamic information of membrane embedded or 
associated proteins is challenging due to their hydrophobic nature which makes NMR 
and X-ray crystallographic studies challenging or impossible. Electron paramagnetic 
resonance (EPR) has emerged as a powerful technique to provide essential structural 
and dynamic information for membrane proteins with no size limitations in membrane 
systems which mimic their natural lipid bilayer environment. Therefore, tremendous 
efforts have been devoted towards the development and application of EPR 
spectroscopic techniques to study the structure of biological systems such as 
membrane proteins and peptides. 
        The following section introduces a novel approach established and developed in 
the Lorigan lab to investigate membrane protein and peptide local secondary structures 
utilizing the pulsed EPR technique electron spin echo envelope modulation (ESEEM) 
spectroscopy. Detailed sample preparation strategies in model membrane protein 
systems and the experimental set-up are described. Also, the ability of this approach to 
identify local secondary structure of membrane proteins and peptides with 
unprecedented efficiency is demonstrated in model systems.  Finally, applications and 
further developments of this ESEEM approach for probing larger size membrane 
proteins produced by overexpression systems are discussed. 
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2.2 Introduction  
        Membrane associated and embedded proteins comprise 30% of sequenced genes 
(Landreh and Robinson, 2015; Moraes et al., 2014). They are responsible for the 
exchange of signals and physical materials across the membranes and play vital roles 
in different aspects of cellular activities (Baker, 2010b; Congreve and Marshall, 2010). 
Mutations or misfolding of membrane proteins are associated with numerous human 
dysfunctions, disorders and diseases (Cheung and Deber, 2008; Conn et al., 2007). 
Currently, half of all the FDA approved drugs target membrane proteins (von Heijne, 
2007). Detailed structural and dynamic information for membrane proteins are vital for 
elucidating protein functions, intermolecular interactions, and regulations.  Better 
structural knowledge of membrane protein systems is also crucial to our understanding 
of the basic mechanisms of disease pathways and benefit novel clinical therapy 
development (Rask-Andersen et al., 2011; Shukla et al., 2012). Despite the abundance 
and importance of membrane proteins, there is very limited knowledge about structure, 
function, and dynamics of these complicated biological systems (Das et al., 2015; Kang 
et al., 2013).  
 
2.2.1 Membrane protein secondary structure  
        The majority of membrane proteins structural motifs fall in to two categories: 
membrane-spanning or surface associated α-helix or α-helical bundles and β-barrels 
(Chothia et al., 1977; McLuskey et al., 2010; White and Wimley, 1999). It has been 
shown previously that the local secondary structure affects membrane proteins packing 
and interactions with its lipid environment (Kurochkina, 2010). Generally, better 
knowledge about secondary structure, particularly site-specific secondary structure, is 
useful towards the understanding of the function, dynamics and interactions of 
membrane proteins (Kubota et al., 2014; Yu and Lorigan, 2014). Also, the formation and 
transition of secondary structural components are crucial for a variety of cellular 
processes ranging from protein folding and refolding to the amyloid deposits in various 
neurodegenerative disorders such as Alzheimer’s disease, Huntington’s disease, and 
Parkinson’s syndrome (Gross, 2000).  
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        While enormous efforts have been placed on accessing membrane protein 
structural information over the past two decades, membrane proteins are inherently 
difficult to study (Baker, 2010a; Kang et al., 2013). Traditional structural biology 
techniques such as NMR and X-ray crystallography have revealed an increasing 
number of atomic level 3-D structures of proteins. However, only a small portion of 
those are membrane proteins (Garman, 2014; Harris, 2014; Wang and Ladizhansky, 
2014). In addition to these traditional biophysical techniques, the structural biology 
community has also benefited greatly from other structural approaches to tackle 
challenging biological systems (Bahar et al., 2010; Cowieson et al., 2008; Feng et al., 
2011). Biophysical and biochemical techniques such as mass spectrometry, IR, Raman 
spectroscopy, fluorescence resonance energy transfer spectroscopy, chemical cross-
linking and computational modeling have all been utilized successfully to provide 
valuable information about structure, dynamics and interactions of membrane proteins 
(Chattopadhyay and Haldar, 2014; King et al., 2008; Ladokhin, 2014; Tang and Clore, 
2006).  
        There are several established biophysical techniques that are used to study the 
secondary structure of membrane proteins. Circular dichroism (CD) is an excellent tool 
for rapid determination of the secondary structure and folding properties of proteins 
(Greenfield, 2006; Whitmore and Wallace, 2008). CD spectroscopy detects the 
differential absorption of left- and right-handed circular polarized light that can be used 
to determine the global secondary structure of a protein. CD has the advantage that it 
can measure samples containing 20 µg or less of proteins in physiological buffers in a 
short period of time. However, it only yields the overall secondary structure of the entire 
complex, and does not provide the specific secondary structure of different segments of 
the protein.  Solid state NMR spectroscopy can be utilized to determine local secondary 
structures based on the backbone chemical shift assignment and dipolar couplings 
(Fritzsching et al., 2013). However, it require milligram scales of isotope labeled protein 
or peptide samples and days to weeks of data acquisition time while still suffering from 
low sensitivity. Other methods such as FT-Raman spectroscopy, ATR FT-IR and 
continuous-wave EPR dipolar wave analysis also can provide secondary structure 
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information (Carbonaro and Nucara, 2010; Roach et al., 2012). Data obtained by these 
methods are sometimes ambiguous and often required extensive data analysis.  
        Electron paramagnetic resonance (EPR) is a powerful and sensitive biophysical 
technique for studying chemical and biological systems with unpaired electron spins. It 
was first observed over a half century ago and has been particularly useful in 
characterizing organic radicals, metal complexes and biomolecules with paramagnetic 
centers (Brückner, 2010; Goldfarb, 2006).  However, with the development of site-
directed spin-labeling (SDSL) techniques to target biological systems, there has been a 
significant increase in the application of EPR spectroscopy to study protein structure 
and dynamics (Alexander et al., 2008; Altenbach et al., 1989; Fanucci and Cafiso, 2006; 
Hirst et al., 2011; Hubbell et al., 1998; Hubbell et al., 2013; Sahu et al., 2013a; Sahu et 
al., 2013b). SDSL EPR is sensitive to dynamics on the picoseconds to microsecond 
timescales, which cover a wide range of motions in biological and molecular systems 
(Barnes et al., 1999; Casey et al., 2014; Nesmelov, 2014).  Also, the topology of a 
membrane protein can be explored with respect to the lipid bilayer with SDSL coupled 
with CW-EPR spectroscopy.  Adding relaxation enhancers such as chelated nickel and 
oxygen can alter the electron spin-lattice and spin-spin relaxation rates and distinguish 
between solvent-exposed regions and residues buried in the membrane (Altenbach et 
al., 1994; Huang et al., 2015; van Wonderen et al., 2014). Utilizing different 
experimental approaches, EPR spectroscopy can also access distance information 
between different spin labels from several angstroms up to 10 nanometers (Baber et al., 
2015; Edwards et al., 2013; Sahu et al., 2014a; Sahu et al., 2013b). Pulsed EPR 
techniques such as double electron-electron resonance (DEER) provide important 
structural information on membrane proteins (Baber et al., 2015; Sahu et al., 2014b).   
        This work describes a novel approach established and developed in our lab to 
investigate membrane protein and peptide secondary structure utilizing the pulsed EPR 
technique electron spin echo envelope modulation (ESEEM). ESEEM spectroscopy 
coupled with SDSL can provide valuable local secondary structural information (α-helix 
and β-strand) of membrane proteins and peptides in a lipid bilayer with short data 
acquisition times and straightforward data analysis. 
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2.2.2 ESEEM spectroscopy 
       ESEEM spectroscopy has been widely utilized to study the electronic environment 
of paramagnetic metal centers and metalloproteins and provide valuable information on 
metallo-enzyme mechanisms, metal binding, substrate binding, and the ligand 
coordination sphere (Cieslak et al., 2010; Deligiannakis et al., 1995; Hernández-
Guzmán et al., 2013; Warncke, 2005). SDSL and ESEEM spectroscopy have been 
used to study the supermolecular structure of biological systems, the penetration depth 
of water into the membrane and in KcsA K+ channels, localization of proteins or lipids in 
membranes, and protein folding (Carmieli et al., 2006; Cieslak et al., 2010) (Bartucci et 
al., 2014; Dzuba and Raap, 2013; Matalon et al., 2013). 
        In this Chapter, a novel ESEEM approach developed in the Lorigan lab is 
discussed. By using SDSL coupled with ESEEM spectroscopy, the secondary structure 
of membrane peptides and proteins can be determined by detecting 2H modulation 
between a 2H-labeled amino acid and a nearby spin labeled cysteine residue (Liu et al., 
2012; Mayo et al., 2011; Zhou et al., 2012). A cysteine mutated nitroxide spin label 
(MTSL) is positioned strategically at 1, 2, 3 and 4 residues away from an amino acid (i) 
with a deuterated side chain (denoted as i+1 to i+4). The characteristic periodicity of the 
α-helix or β-strand structure has unique patterns in the individual ESEEM spectra. A 
typical α-helical periodicity consists of 3.6 amino acids per turn. The distance from the 
beginning to the end of the turn in the α-helix is 5.4 Å. Taking this into account every 
three or four residues in a α-helical segment should have a minimum distance between 
the side chain residues, assuming that the helix is straight.  The second predominant 
secondary structure, β-strand, is an extended stretch of polypeptides chain with every 
other two amino acid side chains approximately 6 Å apart. ESEEM spectroscopy can 
detect dipolar interactions between a nitroxide spin label and a 2H nucleus out to a 
maximum of approximately 8 Å. For an α-helical structure, one set of ESEEM data from 
different samples should show a pattern in which 2H modulation
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can be detected for i+3 and i+4 samples, but not for the i+2 samples because they are 
outside the 8 Å detection limit. However, for peptides or protein segments adopting an 
extended structure such as a β-strand, the ESEEM spectra should show exactly the 
opposite results. In this case, 2H modulation would be detected for the i+2 sample, but 
not for the i+3 and i+4 samples. 
        This novel pulsed EPR ESEEM secondary structure approach is advantageous 
because it has no protein or protein-complex size limitations and is very sensitive when 
compared to NMR spectroscopy. Moreover, this approach can provide direct local 
secondary structural information qualitatively without complicated data analysis. 
Generally, each set of ESEEM experiments requires small amounts and concentrations 
of labeled protein sample (~25 µL and ~100 µmolar).  Also, the ESEEM data acquisition 
is fairly fast when compared to NMR and only takes about an hour. With selective 
isotopic labeling, this approach can be adopted in an overexpression system and, 
therefore, can be applied to larger proteins and protein complexes. In the following 
section, detailed experimental procedures for sample preparation, spectrometer setup, 
and data analysis are described. 
 
2.3 Material and methods 
        In order to demonstrate the ability of this novel pulsed EPR approach for 
determining secondary structural components, well-characterized model peptides with 
known α-helical or β-sheet secondary structures were chosen to prove the concept 
(Opella et al., 1999; Zerella et al., 2000). The nicotinic acetylcholine receptor M2δ 
segment, which is a well-studied 23 amino acid residue transmembrane peptide was 
selected to represent a model α-helix in a lipid bilayer (PDB entry: 1EQ8). The 17 amino 
acid residue of Ubiquitin was chosen to represent a model β-strand (PDB entry: 1E0Q). 
In this section, sample preparation with model peptides in a membrane mimetic system 
is described.  
 
2.3.1 Peptide synthesize and integration in to bilayer 
        Solid phase peptide synthesis (SPPS) is the standard method for synthesizing 
peptides and small proteins in the lab (Ghimire et al., 2012; Inbaraj et al., 2006). It 
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allows for the synthesis of natural peptides and small proteins which are difficult to 
express, as well as the incorporation of unnatural or isotope-labeled amino acids and 
the synthesis of D-amino acid proteins (Chandrudu et al., 2013; Góngora-Benítez et al., 
2013; Mäde et al., 2014; Raibaut et al., 2015). Also, unlike ribosomal protein synthesis, 
SPPS can proceed in both C-terminal and N-terminal fashions. SPPS has the ability to 
synthesize peptides with up to 70 amino acids, and can potentially make proteins and 
peptides with 150+ amino acids with the help of chemical ligation (Chandrudu et al., 
2013; Raibaut et al., 2015). The two most commonly used forms of SPPS are Fmoc and 
Boc, which have different protecting groups used on the C-terminal or N-terminal 
residues of each amino acid block.   
 
 AChR M2δ Ubiquitin peptide 
Wild type NH2-EKMSTAISVLLAQAVFLLLTSQR-COOH NH2-MQIFVKTLDGKTITLEV-COOH 
i + 1 NH2-EKMSTAISVXiAQAVFLLLTSQR-COOH NH2-MQIFVKXiDGKTITLEV-COOH 
i + 2 NH2-EKMSTAISXLiAQAVFLLLTSQR-COOH NH2-MQIFVXTiDGKTITLEV-COOH 
i + 3 NH2-EKMSTAIXVLiAQAVFLLLTSQR-COOH NH2-MQIFXKTiDGKTITLEV-COOH 
i + 4 NH2-EKMSTAXSVLiAQAVFLLLTSQR-COOH NH2-MQIXVKTiDGKTITLEV-COOH 
 
Table 2.1: Wild type and experimental constructs of AChR M2δ (α-helix) and Ubiquitin 
Peptide (β-sheet). i stands for positions where 2H-labeled d10 Leu was placed. X makes 
positions were amino acid is replaced by Cys for MTSL incorporation. 
 
        Table 2.1 shows the wild type and ESEEM experimental construct sequences for 
the two model peptides AChR M2δ (α-helix) and Ubiquitin 17 (β-sheet). Four different 
peptides were designed by positioning the 2H-labeled amino acid at position i and the 
cysteine (X) at four successive positions (i+1 to i+4). Both the M2δ and Ubiquitin 
peptide constructs were synthesized on a CEM microwave assisted peptide synthesizer 
using Fmoc protection chemistry. Low loading (0.2mmol/g) and high swelling rate solid 
supports were chosen to increase the yield of these relatively hydrophobic peptide 
sequences. A solution of 2H-labeled amino acid such as d10 Leu or d8 Val (Isotec) 
dissolved in N-Methyl-2-pyrrolidone was used as the 2H probe and incorporated into 
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peptides at a designated position (i). The peptides were cleaved, deprotected, and 
isolated from their resin support in an acidic environment. The cleavage and 
deprotection cocktail was designed and optimized according to the sequence, length 
and protection groups used on the amino acid side chain (Góngora-Benítez et al., 2013; 
Mäde et al., 2014). Most cocktails are TFA-based and the amino acid composition of the 
peptide dictates the final concentration of TFA, type of scavengers used and reaction 
times. 
        After the peptides were cleaved from their solid support, the cleavage cocktail was 
evaporated by N2 gas flow or via rotary evaporation until the peptide precipitation 
started to appear. Methyl tert-butyl ether was added to assist the precipitation of peptide 
and wash off residual TFA. The crude peptide was dried under a vacuum overnight 
followed by purification via reverse-phase HPLC with a C4 preparation column using a 
linear gradient of 5% to 95% solvent B (90% acetonitrile). This gradient is usually 
sufficient to purify typical peptides from SPPS. However, high impurity and multiple 
major truncations from a bad synthesis can increase the difficulty of the separation. In 
those cases, a mobile phase gradient and component can be adjusted to achieve a 
better separation. The HPLC fraction of the target peptide was collected and lyophilized 
to a solid powder for further steps and storage. Matrix-assisted laser 
desorption/ionization time-of-flight (MALDI-TOF) mass spectroscopy was used to 
confirm the molecular weight and purity of the peptides after HPLC purification. 
        Purified peptides were labeled with S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-
yl)methyl methanesulfonothioate (MTSL) at 10x molar excess in DMSO for 12 hours.  
Reversed-phase HPLC was used to remove the excess MTSL (Gorka et al., 2012; Zhao 
et al., 2012).  For small proteins and peptides, chromatography is more efficient when 
compared to dialysis for the removal of excess MTSL. HPLC fractions of the targeted 
peptides were lyophilized and stored in -20 °C for further processing. MALDI-TOF was 
utilized to confirm the molecular weight, purity and labeling efficiency of the target 
peptides qualitatively. A series of tempo solutions with standardized concentrations 
were prepared and a spin concentration calibration curve was generated. The 
concentrations of the spin-labeled peptide samples were directly calculated from the 
26 
 
CW-EPR spectra. Spin labeling efficiency was determined by comparing the spin 
concentration obtained from CW-EPR data with the protein or peptide concentration. 
        MTSL-labeled M2δ peptides were integrated into DMPC/DHPC (3.5/1) bicelles at a 
1:1000 peptide to lipid molar ratio. Both spin-labeled peptide and lipids were dissolved 
in chloroform in a pear-shape flask. N2 gas was applied to evaporate the solvent, while 
the flask was slowly rotated to form a uniform film of lipid and peptide mixture along the 
wall of the flask. This lipid/peptide film was dried under vacuum overnight to remove any 
remaining solvent. 200 µl HEPES buffer at pH 7.4 was added to rehydrate the 
lipid/peptide film followed by a combination of vortex, freeze-thaw and sonication steps 
until the bicelle sample turned clear. For these experiments, bicelles were used as a 
membrane mimic system and yielded high quality ESEEM data. The final spin label 
concentrations of the peptides were ~100 µMol. Comparable ESEEM data could be 
obtained with micelles, vesicles and lipodisq nanoparticles (data not published). The 
Ubiquitin peptide was dissolved in an aqueous buffer using a previously published 
protocol (Zerella et al., 2000). CW-EPR spectra of bicelle samples were taken to verify 
the incorporation of peptide and successful removal of free spin label.  
 
Figure 2.1: CD spectra of i+3 AChR M2δ and Ubiquitin peptide constructs in 
DMPC/DHPC bicelles.  
 
        M2δ bicelles and aqueous Ubiquitin peptide samples with concentrations ranging 
from 0.01–0.1 mg/mL were analyzed using a Jasco J-810 spectrometer over a 
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wavelength range of 190–250 nm. The CD spectrum of i+3 Ubiquitin construct in Figure 
2.1 shows a large and broad negative band centered at 218 nm indicating a β-sheet 
secondary structure. The M2δ CD spectrum indicates α-helical secondary structure 
through the two negative bands at 222nm and 208nm. After baseline subtraction, CD 
data were analyzed with DichroWeb and showed pure α-helical content for M2δ and β-
sheet for the Ubiquitin peptide after spin label incorporation. 
        The strategies described above can be applied to other synthetic proteins and 
peptides with minor modifications. Utilizing site-directed mutagenesis and selective 
isotope labeling, this ESEEM approach has been demonstrated that it can be adapted 
to overexpressed and reconstituted proteins and peptides (data not shown). 
 
2.3.2 ESEEM spectroscopy Principles 
        Pulsed EPR techniques such as ESEEM involve the application of a series of short 
time-dependent microwave pulses at the appropriate frequency to an electron spin 
system in a constant external magnetic field. The corresponding magnetization of the 
electron spins can be measured in the form of an emitted microwave signal, which 
provides information about the local environment of the electron spin system. The 
standard two-pulse spin echo or “Hahn echo’’ sequence is shown in Figure 2.2(A). In 
the two-pulse experiment, two microwave pulses separated by a time interval τ are 
applied to the electron spin system at a microwave frequency and magnetic field, which 
satisfies the magnetic resonance condition of the electron spin system. The first π/2 
pulse rotates the electron spin magnetization by 90°, thus creating a short free induction 
signal. However, this signal rapidly decays due to the rapid spin dephasing resulting 
from inherent heterogeneity of the electron spin system. Thus, instead of directly 
observing the free induction decay as for NMR, a second π pulse is applied, which flips 
the magnetization of the spin system 180° in such a way that the spins refocus at the 
moment τ after the second pulse and create an electron spin echo that can be easily 
measured.  Generally, in a two-pulse EPR experiment, the intensity of the echo is 
measured after the instrumental dead time as a function of increasing τ which generates 
the original time domain signal (Schweiger and Jeschke, 2001). The intensity of this 
echo decreases with increasing τ due to transverse spin relaxation.   
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        However, the decay of the echo normally is accompanied with periodic rises and 
falls in its amplitude. This phenomenon is called electron spin echo envelope 
modulation (ESEEM).  This periodic modulation results from the nuclear spin precession 
of nuclei in close vicinity of the unpaired electron spin. Thus, the modulation frequency 
equals to the Larmor frequency of the nuclei in the vicinity of the electron spin. 
Basically, ESEEM spectroscopy indirectly observes NMR transitions through an 
electron spin coupled to a nearby NMR active nucleus (Deligiannakis and Rutherford, 
2001; Hoffman, 2003).   
 
Figure 2.2: Two-pulse (A) and three-pulse (B) ESEEM pulse sequence. 
 
        As mentioned above, the intensity of the echo in two-pulse ESEEM experiment 
depends on the transverse spin relaxation time (T2). Normally, T2 is very short for spin-
labeled biological system (µs). Thus, it limits the resolution and signal to noise for the 
two-pulse ESEEM experiment. However, this short-coming of two-pulse ESEEM 
experiment can be overcome by three-pulse ESEEM experiment.  
        In the three-pulse ESEEM sequence (Figure 2.2B), three π/2 pulses are used to 
monitor the modulated echo as function of time. Instead of refocusing the spin, it 
creates a polarization grading with the first two pulses. The third π/2 pulse flips the 
stored polarization back to the transverse plane for measurement. All three pulses 
together generated a stimulated echo at the time of τ after the third pulse. Since only the 
longitudinal magnetization created by the second pulse contributes to the formation of 
the stimulated echo signal, the signal decay depends on the corresponding spin-lattice 
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relaxation time T1 (ms). By utilizing the three-pulse technique, ESEEM data can be 
obtained much further out in time and dramatically increases the resolution of the 
frequency domain data following Fourier transformation (Kevan and Schwartz, 1979).  
        For three-pulse ESEEM, the intensity of the stimulated echo is measured as a 
function of the evolution time T. However, the value of the fixed τ leads to artifacts within 
the ESEEM data, which are known as “τ-dependent blind spots” (Stoll et al., 2005). A 
nuclear spin with a Larmor frequency ωn is suppressed at the appropriate τ value 
(τ=2πn/ωn). Therefore, for ESEEM experiments with multiple NMR active nuclei 
involved, different τ values should be examined to optimize the spectra.  Proton 
modulation can be suppressed and deuterium modulation can be maximized with this 
approach. 
        Another shortcoming of the three-pulse ESEEM is that it generates more than the 
stimulated echo: it also generates one refocused echo and three primary echoes. For 
certain values of T and τ, those echoes can overlap with the stimulated echo and cause 
spectrum distortion. However, four-step phase cycling can be utilized to remove those 
unwanted echoes and prevent distortion of the spectrum. 
        The modulation depths of both two- and three-pulse ESEEM experiments have 
been discussed thoroughly in previous publications and reviews (Schweiger and 
Jeschke, 2001). It is affected by the static field B0, g tensor of the electron spin and 
gyromagnetic ratio of the nuclei. For the same type of nucleus in a constant magnetic 
field, the modulation depth is proportional to r-6, where r is the distance between the 
NMR active nucleus and the center of the unpaired electron spin density.  Thus, it 
suffers from a rapid decay as the distance between the electron spin and nuclei spins 
increases. Typically, ESEEM can only detect dipolar interactions between a NMR active 
nucleus and a spin label through a dipolar coupling within a short of distance. For 
deuterium coupled to a nitroxide spin label, the detection limitation is about 8 Å. In the 
case of several nuclei, the ESEEM signal can be calculated as a product of the 
expression for each individual nuclear spin. In the next session, the analysis and 
interpretation of our ESEEM data will be discussed in detail. 
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2.3.3 ESEEM experimental set-up and data analysis 
        In order to determine local secondary structural information from this ESEEM 
approach, a set of ESEEM spectra from different spin labeled position need to be 
compared. Therefore, it requires consistency with sample preparation, experimental set-
up, data collection, and analysis.  
        ESEEM data were collected at X-band on a Bruker ELEXSYS E580 spectrometer 
equipped with an MS3 split ring resonator. The three-pulse ESEEM sequence was 
chosen to maximize the low frequency modulation of 2H. The measurements were 
conducted at 80K at a microwave frequency of 9.269 GHz with 16 ns π/2 pulse widths. 
A starting T of 368 ns and 512 points in 12 ns increments were used for all samples. A τ 
value of 200 ns was chosen to suppress proton modulation. 30% glycerol was added to 
rehydrolyzed bicelle sample as a cryoprotectant to prevent water crystallization during 
the freezing process. 40 µL of sample with a final concentration of 100 µmol was 
transferred into a 3 mm ESEEM tube and fast frozen in liquid N2. 30 scans with 4-step 
phase cycling were used to obtain the required signal to noise ratio.  
        The original ESEEM time domain data consists of two components: the 
unmodulated decay and the modulation of nuclei at the corresponding Larmor 
frequency. The time domain data were fit to a two component exponential decay. The 
maximum value of the exponential fit was scaled to 1 and the same factor was applied 
to the time domain data. The exponential fit was then subtracted from the time domain 
data and yielded a scaled ESEEM spectrum with modulation about 0. A cross-term 
averaged Fourier transformation (FT) was performed to the resulting spectrum to 
generate the corresponding frequency domain with minimized dead time artifacts 
(Tarabek et al., 2006). The analysis can be performed use Matlab and our ESEEM data 
processing package at http://epr.muohio.edu/user-resources/oaeprl-plotting-package. 
Any modulation presented from every weakly coupled nucleus will show a peak at its 
corresponding Larmor frequency. The maximum intensity of the deuterium peak at 2.3 
MHz was measured in an arbitrary unit and peak intensity was recorded for further 
analysis.  
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2.4 Results  
        Here we demonstrate the ability and efficiency of this ESEEM approach to probe 
the secondary structure of membrane proteins and peptides in a model lipid bilayer 
system. 
 
2.4.1 Determine -helical secondary structure of membrane peptides 
         
Figure 2.3: Three-pulse ESEEM spectra of AChR M2δ with 2H-labeled d8 Val9 in 
DMPC/DHPC bicelles. (A) Time-domain data for i+3 AChR M2δ with 2H-labeled d8 Val9 
at τ=120 ns (Blue), τ=200 ns (Red) and non-deuterated control sample at τ=200 ns 
(Black) (B) Corresponding frequency domain data for i+3 AChR M2δ with 2H-labeled d8 
Val9 at τ=120 ns (Blue), τ=200 ns (Red) and non-deuterated control sample at τ=200 ns 
(Black). 
 
        In order to map out the α-helical content of a segment of the M2δ peptide, 2H-
labeled d8 Val was positioned at Val9 (i) and the MTSL spin label (X) was strategically 
placed at four successive positions (i+1 to i+4). Figure 2.3 shows the normalized 
ESEEM spectra for 2H-labeled d8 Val9 AChR M2δ (EKMSTAISiLLXQAVFLLLTSQR) 
including both the time domain and frequency domain data (Figure 2.3, red and blue). A 
control sample was prepared such that Val9 was not 2H-labeled (Figure 2.3, black) at 
position i+3 (EKMSTAISVLLXQAVFLLLTSQR). The spectra compared the three-pulse 
ESEEM data of the M2δ peptide with 2H-labeled d8 Val and a SL three residues away 
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(i+3) at two different τ values with a non-deuterated sample as a control. Figure 2.3(A) 
reveals an obvious low-frequency 2H modulation in the time domain data for both τ 
values in the 2H-labeled Val sample when compared to the control sample, which had 
normal protonated Val instead of 2H-labeled Val. The corresponding Fourier transform 
frequency domain data in Figure 2.3(B) revealed a large well-resolved peak centered at 
the 2H Larmor frequency of 2.3 MHz originating from weakly coupled 2H nuclei. 2H 
modulation is not detected in the control sample at any τ values. Also, the ESEEM data 
showed that both τ values provided high-quality time domain and FT ESEEM data. 
However, it was obvious that when 2H modulation was optimized, and the proton 
modulation was also effectively suppressed with a τ equal to 200 ns. The optimal τ 
values can vary depending on the field and frequency under which the experiment was 
performed, as well as the type of isotopic label used in the experiment (Kevan and 
Schwartz, 1979). 
        Figure 2.4 shows the three-pulse ESEEM data for 2H-labeled d8 Val9 M2δ peptides 
at all four successive positions (i +1 to i +4) in bicelles. 2H modulation was observed in 
the time domain spectrum and a corresponding peak centered at the 2H Larmor 
frequency in the frequency domain data for the i+3 and i+4 2H-labled d8 Val9 M2δ 
samples. However, no 2H modulation was detected for the i+1 or i+2 positions. These 
ESEEM spectral pattern of large 2H peaks observed at i+3 and i+4 positions were 
consistent with the structural characteristic that there are 3.6 amino acids per turn for an 
α-helix.  The 2H-labeled Val side chain and the spin labels are located on the same side 
of the helix when they are 3 or 4 amino acid residues away. These data clearly showed 
the utility of this technique for determining the α-helical secondary structure of 
membrane peptides and proteins.  
        This approach was further explored and expanded to utilize 2H-labeled d10 Leu as a 
2H-labeled probe for this novel ESEEM approach. The three-pulse ESEEM data for the 
2H-labeled d10 Leu11 (i+1 through i+4) M2δ peptides are shown in Figure 3.2. For 
2H-
labeled d10 Leu11 M2δ peptides, the 
2H modulation was observed in the time domain for 
i+1, i+3 and i+4 samples. Also, a 2H peak was clearly observed at the 2H Larmor 
frequency in the frequency domain data. However, there was no 2H modulation for the 
2H-labeled d10 Leu11 i+2 M2δ sample. Despite the longer side chain of Leu when 
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compared to Val, ESEEM spectra still revealed a similar pattern for this α-helix. 
Moreover, Figure 3.3(A) shows the comparison of the ESEEM frequency domain data 
between 2H-labeled d10 Leu10 and 
2H-labeled d8 Val9 peptides at the i+4 position. This 
frequency domain data revealed a dramatic signal enhancement when 2H-labeled d10 
Leu was used instead of 2H-labeled d8 Val. Distances and conformations provided by 
molecular dynamic simulations also supported this result (Liu et al., 2012). Figure 3.3(B) 
indicates that the additional C-C bonds in the Leu sidechain brought the deuterons 
closer to the N-O nitroxide bond of the spin label when compared to the Val sidechain. 
Therefore, the MTSL had a higher probability of being able to detect the 2H nuclei at a 
closer distance resulting in a significant increase in 2H peak intensity for Leu at this 
position, when compared to Val.  
 
 
Figure 2.4:  Three-pulse ESEEM experimental data of AChR M2δ with 2H-labeled d8 
Val9 in DMPC/DHPC bicelles  
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2.4.2 Distinguishing -helices from -strands 
        In addition to demonstrating this novel ESEEM approach’s ability to identify an α-
helix, this exact labeling paradigm can be applied to an ideal β-sheet peptide to 
distinguish these two most predominant secondary structures.  
 
Figure 2.5: Three-pulse ESEEM experimental data. (A) Ubiquitin peptide with 2H-
labeled d10 Leu8 in buffer at τ=200 ns for the i+2 and i+3 in Time domain (Left) and 
Frequency domain (Right). (B) AChR M2δ with 2H-labeled 10 Leu11 in DMPC/DHPC 
bicelles at τ=200 ns for the i+2 and i+3 in Time domain (Left) and Frequency domain 
(Right). 
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        Figure 2.5 compares three-pulse ESEEM data for samples with the spin label in 
the i+2 and i+3 positions for both 2H-labeled d10 Leu17 M2δ and 
2H-labeled d10 Leu8 
Ubiquitin peptide constructs. In Figure 2.5(A), the presence of 2H modulation in the i+2 
Ubiquitin time domain spectrum indicated a weak dipolar coupling between deuterium 
nuclei and the spin label.  Also, a corresponding FT peak at the 2H Larmor frequency 
was revealed in the frequency domain which indicated that the distance between the 2H 
nuclei on Leu and the spin labels must be within the ~8 Å detection limit. The absence 
of 2H modulation in the i+3 Ubiquitin sample implied that the 2H-SL distances are 
greater than 8 Å.  This ESEEM spectra pattern was caused by the extended structure of 
the β-sheet in which the 2H nucleus is closer to the i+2 position than the i+3 position. 
Also, the MTSL and the d10 Leu side chain pointed towards the same side of the β-
sheet in i+2 constructs, while they pointed to opposite sides of the β-sheet in i+3 
constructs. Figure 2.5(B) shows the corresponding ESEEM data for the M2δ peptide in 
a bicelle. Conversely, the M2δ i+2 spectrum did not contain any 2H modulation, whereas 
the M2δ i+3 spectrum clearly shows 2H modulation and a 2H FT peak. The MTSL and 
d10 Leu side chain pointed towards opposite sides of the helix in i+2 constructs and 
wrap around to point towards the same side of the helix in the i+3 construct which was 
similar to the illustrations shown in Figure 3.3(B). The complementary results of the 
i+2/i+3 spectra for an α-helices and β-sheets obtained utilizing this novel ESEEM 
approach demonstrated the establishment of a simple qualitative method for 
determining site-specific secondary structure of any given protein system. 
 
2.5 Discussion  
        Here, we established and developed a novel approach to probe the secondary 
structure of membrane proteins and peptides in lipid bilayers. Results showed that this 
approach can be used to identify α-helical and β-sheet secondary structures with 
multiple isotopically labeled amino acids. The modulation depth with different probes 
varied according to the side chain length, side chain flexibility, backbone motion and the 
local environment. However, the i+x pattern for each secondary structure are similar 
regardless of which amino acid probe was used.  Thus, this ESEEM approach should 
be valuable for identifying a α-helical region, as well as distinguishing between α-helical 
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and a β-strand in a peptide or protein. This efficient ESEEM spectroscopic technique 
does not provide the same high-resolution structural information obtained from NMR 
spectroscopy or X-ray crystallography, but does provide very important qualitative 
secondary structural information for membrane proteins systems or other biological 
systems where those techniques are not applicable. For SDSL EPR researchers, this 
approach will provide additional spectroscopic tools to probe the structures of biological 
systems. 
        In order to fully establish and expand the application of this very effective 
secondary structure approach, other amino acids with different side chain lengths and 
flexibility need to be examined. Also, the potential of utilizing other isotope labeled 
amino acids (such as 13C, 15N, or 19F) could be investigated with this novel technique. 
This powerful method has the potential to be extended to detecting random coils and 
less predominant secondary structure such as 310 and  helices. Also, it can be adapted 
to detect secondary structural transitions and local conformational changes. 
     Further studies will be conducted to apply this ESEEM SDSL approach to larger 
integral membrane proteins, which are overexpressed in bacteria and then reconstituted 
in to lipid bilayers. Cys residues can be introduced to desired positions through site-
directed mutagenesis. Also, selective amino acid isotopic-labeling can be used to 2H 
label certain amino acids such as Leu or Val. However, overexpression conditions need 
to be optimized to prevent scrambling of the isotope labeled amino acids.  
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3.1 Abstract   
        This Chapter reports on a significant improvement of a new structural biology 
approach designed to probe the secondary structure of membrane proteins using the 
pulsed EPR technique of Electron Spin Echo Envelope Modulation (ESEEM) 
spectroscopy. Previously, we showed that we could characterize an α-helical secondary 
structure with ESEEM spectroscopy using a 2H-labeled Val side chain coupled with site-
directed spin-labeling (SDSL). In order to further develop this new approach, molecular 
dynamic (MD) simulations were conducted on several different hydrophobic residues 
that are commonly found in membrane proteins. 2H-SL distance distributions from the 
MD results indicated that 2H-labeled Leu was a very strong candidate to significantly 
improve this ESEEM approach. In order to test this hypothesis, the secondary structure 
of the α-helical M2δ peptide of the acetylcholine receptor (AChR) incorporated into a 
bicelle was investigated with 2H-labeled Leu d10 at position 10 (i) and nitroxide spin 
labels positioned 1, 2, 3 and 4 residues away (denoted i+1 to i+4) with ESEEM 
spectroscopy. The ESEEM data reveal a unique pattern that is characteristic of an α-
helix (3.6 residues per turn). Strong 2H modulation was detected for the i+3 and i+4 
samples, but not for the i+2 sample. The 2H modulation depth observed for 2H-labeled 
d10 Leu was significantly enhanced (x4) when compared to previous ESEEM 
measurements that used 2H-labeled d8 Val. Computational studies indicate that 
deuterium nuclei on the Leu sidechain are closer to the spin label when compared to 
Val. The enhancement of 2H modulation and the corresponding Fourier Transform (FT) 
peak intensity for 2H-labeled Leu significantly reduces the ESEEM data acquisition time 
for Leu when compared to Val. This research demonstrates that a different 2H-labeled 
amino acid residue can be used as an efficient ESEEM probe further substantiating this 
important biophysical technique. Finally, this new method can provide pertinent 
qualitative structural information on membrane proteins in a short time (few minutes) at 
low sample concentrations (~50 μM). 
 
47 
 
3.2 Introduction  
        A novel approach is being developed to characterize the secondary structure of 
membrane proteins utilizing Electron Spin Echo Envelope Modulation (ESEEM) 
spectroscopy coupled with site-directed spin-labeling (SDSL) (Mayo et al., 2011). 
Despite the importance and large number of membrane proteins, relatively limited 
structural information is known about them (Bordag and Keller, 2010; McLuskey et al., 
2010). New biophysical techniques are needed to probe their structural properties. Their 
hydrophobic nature and low expression yields cause difficulties for traditional structural 
techniques such as x-ray crystallography and solution NMR spectroscopy (Bordag and 
Keller, 2010; Huang and Mohanty, 2010). ESEEM spectroscopy indirectly observes 
NMR transitions through an electron spin coupled to a nearby NMR active nucleus 
(Force et al., 1997; Lorigan et al., 1994). ESEEM can detect weak dipolar interactions 
between a 2H atom and a spin label out to a maximum distance of approximately 8 Å. 
The modulation depth for weakly coupled nuclei is proportional to r-6.  
        Previously we demonstrated using 2H-labeled Val as a probe and a strategically 
placed MTSL, α-helical components could be detected with ESEEM spectroscopy 
(Mayo et al., 2011). The unique structure of an α-helix consists of 3.6 residues per turn 
with a vertical distance of 5.4 Å separating the turn. When a Cys mutated nitroxide spin 
label is positioned 1, 2, 3 and 4 residues away (denoted i+1 to i+4 respectively) from a 
2H-labeled residue such as the d8 Val (i) side chain, the periodicity of the α-helical 
structure gives rise to a unique pattern in the collective ESEEM data. The i+3 and i+4 
samples reveal 2H modulation from the dipolar coupling between the 2H nuclei of the Val 
side chain and spin label (< 8 Å). However, in the i+1 and i+2 samples, the 2H nuclei are 
beyond the detection limit (> 8 Å). Due to the structure and dynamics of different amino 
acid side chains, a variety of patterns and signal intensities can be obtained using this 
approach (Liu et al., 2003; Mulder, 2009). The aim of this approach is to provide 
additional tools for probing the structure of membrane proteins using SDSL and EPR 
spectroscopy. 
        In this work, a molecular modeling study was conducted to obtain distance 
distributions between 2H nuclei on different amino acid side chains and a spin label. 
Four different 2H-labeled hydrophobic amino acids (Leu, Val, Phe, Ala) that are 
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commonly found in membrane proteins and commercially available were compared. 
The Leu side chain was found to a very strong candidate for conducting the present 
study based on the molecular modeling studies carried on different amino acid residues 
in the sequence of AChR M2δ peptide. 2H-labeled d10 Leu was used to demonstrate the 
practicality of this method instead of 2H-labeled d8 Val. The observed experimental 
ESEEM data have similar patterns for α-helical segments with a significantly enhanced 
2H modulation depth. The distance distributions obtained from the modeling studies 
between 2H nuclei on the Leu side chain and the spin label are consistent with the 
experimental ESEEM data. These experiments demonstrate that another 2H-labeled 
amino acid can be used as probe for secondary structure determination with 
significantly improved sensitivity; thus, making this method applicable to more proteins 
that contain Leu. 
 
3.3 Material and methods 
        The M2δ subunit of the acetylcholine receptor (AChR) was used as an α-helical 
model for transmembrane peptides and proteins (Inbaraj et al., 2006; Kim and 
McNamee, 1998; Sankararamakrishnan and Sansom, 1995). All peptides were 
synthesized using Fmoc solid phase peptide synthesize chemistry on a CEM microwave 
solid phase peptide synthesizer (Oblatt-Montal et al., 1993). Four different peptides 
were designed by positioning the 2H-labeled d10 leucine at position 10 (i) and the 
cysteine (X) at four successive positions (i+1 to i+4). For one complete set of samples, 
the sequences of peptides are as follows: i+1 (NH2-EKMSTAISXLLAQAVFLL LTSQR-
COOH), i+2 (NH2-EKMSTAIXVLLAQAVFLLLTSQR-COOH), i+3 (NH2-EKMST 
AXSVLLAQAVFLLLTSQR-COOH), and i+4 (NH2-EKMSTXISVLLAQAVFLLLTSQR-
COOH), where X represents the position of the cysteine for spin labeling. Additionally, 
one i+3 control sample was prepared without 2H labeling at the Leu10 position. 
        After the peptides were cleaved from their solid support, reverse-phase HPLC was 
used for purification with a C4 preparation column and a gradient of 5% to 95% solvent 
B (90% acetonitrile) (Bhargava and Feix, 2004; Mayo et al., 2008). Purified peptides 
were labeled with MTSL (Toronto Research Chemicals) in DMSO for 20 hours and 
excess MTSL was removed by HPLC (Mayo et al., 2008). MALDI-TOF was utilized to 
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confirm the molecular weight and purity of the target peptides. MTSL-labeled M2δ 
peptides were integrated into DMPC/DHPC (3.5/1) bicelles at 1:1000 molar ratio (Mayo 
et al., 2008). 
        For these experiments, bicelles were used as membrane mimic system and 
yielded high quality ESEEM data (Jesorka and Orwar, 2008; Marcotte et al., 2006). 
Comparable ESEEM data could be obtained with liposomes. X-band CW-EPR (~9 GHz) 
spectroscopy was used to measure spin concentration (~150 μM) of all bicelle samples. 
Three-pulse ESEEM measurements were performed on a Bruker ELEXSYS E580 with 
an ER 4118X MS3 resonator using a 200 ns tau value with a microwave frequency of 
~9.269 GHz at 80 K (Mayo et al., 2011). For all samples, a starting T of 386 ns and 512 
points in 12 ns increments were used to collect the spectra (Mayo et al., 2011). All 
ESEEM data were obtained with 40 µl of bicelle samples and in 30 scans. 
        Molecular modeling and molecular dynamics studies for each sample were 
performed using nanoscale molecular dynamics (NAMD) with the molecular graphics 
software VMD (Humphrey et al., 1996; Phillips et al., 2005). The structure of the AChR 
M2δ peptide was obtained from the solution NMR coordinates (PDB entry: 1EQ8). 
Cysteine mutants were created at i+1, i+2, i+3, and i+4 positions using VMD, a MTSL 
nitroxide spin probe was attached by using CHARMM force-field topology files 
incorporated in NAMD. The resultant assembly of spin labeled peptides was solvated in 
a water box. Further equilibration and energy minimization were performed using NAMD 
simulations. Molecular dynamic simulations were collected out to 1 ns at room 
temperature using Langevin dynamics under NAMD. This timescale corresponds to the 
MTSL and leucine sidechain dynamics. The trajectory data were recorded in 1 ps 
increments. The distance distribution for each deuterium and SL was obtained from the 
analysis of the trajectory data file using VMD. All molecular dynamics simulations were 
run on a home-built 24-node Linux Beowulf style cluster in our lab. 
 
3.4 Results  
        Molecular modeling and molecular dynamics studies were performed on different 
hydrophobic amino acids (Ala, Leu, Val, and Phe) in which deuterium labeled side 
chains are commercially available. Distance distributions were determined between 2H 
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nuclei on the side chain (i) and the N-O bond for the SL at the i+3 and i+4 positions. 2H-
SL distance distributions were found to be within the 8 Å ESSEM detection range for all 
residues studied. However, 2H atoms on the Leu sidechain were found to have the 
shortest distances; thus, suggesting that Leu would be a strong candidate to 
significantly improve this ESEEM approach. 
        Figure 3.1 shows three-pulse ESEEM data for i+3 2H-labeled d10 Leu10 M2δ 
peptide incorporated into DMPC/DHPC lipid bicelles. Also, a non-deuterated Leu 
(control) sample is shown for comparison. Both low frequency 2H modulation and high 
frequency proton modulation appear in the time domain data (Figure 3.1(A)) for the 2H-
labeled d10 Leu10 i+3 sample (red). However, only proton modulation appears in the 
control sample prepared in the absence of 2H-labeled Leu (black). FT frequency domain 
data for the 2H-labeled d10 Leu10 M2δ i+3 sample reveal a peak centered at the 
2H 
Larmor frequency of 2.3 MHz. No such peak was observed for the control sample. The 
ESEEM spectra clearly indicate that the dipolar interaction between the SL and 2H-
labeled Leu can be detected for the i+3 Leu10 M2δ sample. 
 
Figure 3.1: Time domain (A) and Frequency domain (B) three-pulse ESEEM spectra of 
Leu10 i+3 M2δ in bicelle 
 
        The three-pulse ESEEM data for the 2H-labeled d10 Leu10 (i+1 through i+4) M2δ 
peptide are shown in Figure 3.2, respectively. For 2H-labeled d10 Leu10 M2δ peptides, 
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the 2H modulation is observed in the time domain for the i+1, i+3 and i+4 samples. Also, 
a 2H peak is clearly observed at the 2H Larmor frequency in the frequency domain. 
However, there is no 2H modulation for the 2H-labeled d10 Leu10 i+2 M2δ sample. To 
support these data, molecular modeling and molecular dynamics studies were 
conducted to estimate distances between the 2H nuclei on the Leu10 sidechain and the 
N-O bond on the SL at the i+1, i+2, i+3, and i+4 positions (Mayo et al., 2011). 2H-SL 
distances for the i+2 (9–15 Å) were found to be outside the ESEEM detection range of 8 
Å. However, 2H-SL distances for the i+1 (6–11 Å), i+3 (5–11Å) and i+4 (3–10 Å) 
positions were found to be within the ESEEM detection range with different probabilities. 
 
        Figure 3.2. Three-pulse ESEEM experimental data with a τ=200ns of i+1 to i+4 2H-
labeled d10 Leu10 in lipid bicelle samples. (A) Time domain spectra, (B) Frequency 
domain spectra. 
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        Figure 3.3(A) shows the comparison of the ESEEM frequency domain data 
between 2H-labeled d10 Leu10 and 
2H-labeled d8 Val9 peptides at the i+4 position. 
These frequency domain data revealed a dramatic signal enhancement when 2H-
labeled d10 Leu is used instead of 
2H-labeled d8 Val. Distances and conformations 
provided by molecular dynamic simulation supported this result. Figure 3.3(B) displays 
the minimal energy conformations of the AChR M2δ peptides with 2H-labeled d10 Leu10 
(left) and 2H-labeled d8 Val9 (right) with MTSL at the i+4 positions. The figure indicated 
that the distance from the N-O bond on the nitroxide to the nearest deuteron is much 
smaller in AChR M2δ peptides with 2H-labeled d10 Leu10 (4.4 Å) than that with 
2H-
labeled d8 Val9 (7.6 Å) (Mayo et al., 2011). 
 
Figure 3.3. Comparison between 2H-labeled d8 Val9 and 2H-labeled d10Leu10 M2δ 
bicelle samples. (A) Normalized FT frequency domain modulation data for 2H-labeled 
d10Leu10 i+4 (blue) and 2H-labeled d8 Val9 i+4 (red). (B) Likely conformation of M2δ 
with and 2H-labeled d10Leu10 (left) and M2δ with 2H-labeled d8 Val9 (right) both with 
MTSL at i+4 from MD simulation 
 
3.5 Discussion  
        In previous 2H-labeled d8 Val9 experiments, three-pulse ESEEM data showed 
2H 
peaks for both i+3 and i+4, but not for i+1 and i+2 for the AChR M2δ peptide (Mayo et 
al., 2011). This unique pattern is indicative of an α-helical secondary structure. MD 
simulations suggest that  in 2H-labeled Leu d10 atoms on the side chain will be closer in 
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distance to the SL for i+3 and i+4 positions when compared to Val, Ala, Phe. 2H-labeled 
Leu d10 is a strong candidate for this new methodology method due to its longer chain 
and larger number of available deuterium atoms within the ESEEM ~8 Å detection limit. 
For the 2H-labeled Leu10 d10 ESEEM experiments conducted, similar data were 
obtained with significantly enhanced 2H modulation as shown in Figure 3.3(B). MD 
simulations reveal a significant population of 2H-SL distances below the 8 Å ESEEM 
detection limit for 2H-labeled d10 Leu10 when compared to 
2H-labeled d8 Val9. In the 
case of Leu, there are two torsion angle rotations about χ1 and χ2 and two free rotation 
modes about the Cγ and Cδ bonds, which correspond to two (CD3) methyl groups 
(Batchelder et al., 1982; Mulder, 2009; Wand, 2001). As shown in Figure 3.3(B), the 
additional C-C bonds in the Leu sidechain bring the deuterons closer to the N-O 
nitroxide bond when compared to the Val sidechain. Therefore, the MTSL has a higher 
probability of being able to detect the 2H nuclei at a closer distance and resulting in a 
significant increase in 2H modulation depth for Leu at this position. However, different 
conformations of Val and Leu might be favored due to unique sidechain or tertiary 
interactions. For MTSL, there are three torsional angle rotations about χ1, χ2 and χ3 
and two additional free torsion angle rotations about χ4 and χ5 (Beier and Steinhoff, 
2006; Columbus and Hubbell, 2002; Sezer et al., 2008a, b, c). Thus, various 
orientations could be favored due to the interaction of MTSL and peptide backbone or 
amino acid side chains. All of these factors play a role in the 2H modulation depth and 
can alter the corresponding FT intensity. Thus, the observed 2H modulation depth for 
2H-labeled Leu or Val can vary depending upon the biological system studied. 
        The 2H-labeled d10 Leu10 ESEEM spectra reveal a 
2H peak for the i+1 sample, 
indicating that 2H nuclei are weakly coupled to the MTSL. However, no coupling was 
detected for the i+2 sample. Since α-helices have 3.6 amino acids per turn, the Leu 
residue in the i+2 sample lies on the opposite side of the helix as the MTSL. It is 
expected that distances between 2H nuclei on the Leu10 sidechain and the i+1 SL are 
closer than that of i+2. Also, MD simulations indicated 2H-SL distances ranged from 9–
15 Å for the i+2 and 6-11 Å for i+1 sample which matches well with the ESEEM data of 
the i+1 and i+2 samples. MD simulations show similar 2H-SL distance ranges for the 
i+1and i+3 samples. However, the population of distance distributions within the 8 Å 
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limit for i+3 is significantly greater than I+1 (data not shown), which is consistent with 
the i+3 sample having larger 2H modulation and a bigger FT 2H peak in experimental 
ESEEM data (Figure 3.2). Theoretically, the distance between a SL and a 2H nucleus 
can be determined by simulation of the ESEEM spectra. For this three-pulse ESEEM 
(π/2-τ-π /2-T- π /2), the modulation depth produced by the dipolar-coupled nucleus is 
proportional to r-6. However, due to the variation of conformations and dynamics of the 
leucine side chain and the MTSL, it is difficult to get quantitative distance information 
from this method so far (Batchelder et al., 1982; Fanucci and Cafiso, 2006; Lee et al., 
2000; Mchaourab et al., 1996). Since the three-pulse ESEEM measurements were 
conducted at 80K, the leucine side chain and MTSL adopt a variety of conformations 
with respect to each other, yielding a range of distances between the MTSL and 
multiple 2H nuclei. In order to improve this approach to get more quantitative distance 
information, different 2H-labeled amino acids need to be investigated. Amino acids with 
only one 2H atom or magnetically equivalent 2H nuclei, such as 2H-labeled d3 Ala can be 
employed with this approach to provide quantitative distance measurements via ESEEM 
spectral simulations.  
        This ESEEM structural approach is comparable to rotational echo double 
resonance (REDOR) solid-state NMR spectroscopy. Solid State NMR spectroscopy is a 
very powerful technique for studying the structure of membrane proteins (Inbaraj et al., 
2006). REDOR NMR can be used to probe the alpha helical component when coupled 
with spectral simulation by measuring dipolar couplings between NMR active nuclei, 
such as 13C and 15N. However, this technique suffers from low signal sensitivity. As a 
result, REDOR experiments usually require milligram quantities of isotopically labeled 
protein or peptide and abundant instrumental time. By using ESEEM and SDSL, 
secondary structure determination for membrane peptides and proteins can be 
performed on the μmol scale and with minimal data acquisition time (5 to 10 minutes). 
 
3.6 Conclusion 
        2H-labeled d10 Leu was shown to be a very powerful secondary structure probe 
with enhanced 2H modulation by a factor of 4 when compared to Val. This modulation 
enhancement leads to a significant increase in sensitivity and corresponding decrease 
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in data acquisition time. Thus, the amount of time required to achieve the same signal-
to-noise using 2H-labeled d10 Leu as a probe instead of 
2H-labeled d8 Val decreases by 
a factor of ~16. The Leu ESEEM data further validates this structural biology approach 
and provide researchers with another amino acid to probe secondary structure for 
proteins and peptides. 
        This ESEEM method uses SDSL and selective deuterium labels, both of which can 
be incorporated into standard expression systems using routine molecular biology 
techniques for applications to larger protein systems (not just peptides) (Cheng et al., 
1995; Klare and Steinhoff, 2009). 2H and 15N residue specific isotopic labeling schemes 
are used in a variety of NMR structural biology experiments (Sailer et al., 1993; 
Simplaceanu et al., 2000). This new ESEEM secondary structure approach can be 
applied to a wide variety of different protein systems that are not amiable to x-ray 
crystallography or solution NMR including membrane proteins. Several other 
biophysical techniques such as CD, NMR, CW-EPR, FRET, and 2D IR can provide 
protein secondary structural information. This ESEEM approach is advantageous 
because it has no size limitations, is straightforward, uses small spectroscopic labels, 
minimal sample requirements, and provides selective secondary structural information 
on specific protein segments. For SDSL EPR researchers, this ESEEM approach will 
allow researchers to probe not only the dynamics of a specific spin-labeled site with 
CW-EPR line shape analysis, but also the secondary structure.  
        Traditional EPR experiments that probe secondary structure typically require 
multiple SDSLs in a row to detect differences in line shape or relaxation that follow a 
pattern that depends upon the environment and local secondary structure of the protein. 
Sometimes the EPR data can be ambiguous or challenging to interpret. Certain 
biophysical techniques such as CD provide global secondary structural information, 
whereas this ESEEM approach can probe the secondary structure of specific segments 
of a protein like the solid-state NMR REDOR technique. Direct identification of site-
specific secondary structure can be obtained using this ESEEM approach with small 
amounts of sample and minimal instrumentation time when compared to NMR. 
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4.1 Abstract: 
        Previously, we reported an electron spin echo envelope modulation (ESEEM) 
spectroscopic approach for probing the local secondary structure of membrane proteins 
and peptides utilizing 2H isotopic labeling and site-directed spin-labeling (SDSL). In 
order to probe the secondary structure of a peptide sequence, an amino acid residue (i) 
sidechain was 2H-labeled, such as 2H-labeled d10 Leucine, and a cysteine residue was 
strategically placed at a subsequent nearby position (denoted as i+1 to i+4) to which a 
nitroxide spin label was attached. In order to fully access and demonstrate the feasibility 
of this new ESEEM approach with 2H-labeled d10 Leu, four Leu residues within the 
AChR M2δ peptide were fully mapped out using this ESEEM approach. Unique 2H 
ESEEM patterns were observed with the 2H-labeled d10 Leu for the AChR M2δ α-helical 
model peptide. For proteins and peptides with an α-helical secondary structure, 
deuterium modulation can be clearly observed for i+/-3 and i+/-4 samples, but not for 
i+/-2 samples. Also, a deuterium peak centered at the 2H Larmor frequency of each i+/-
4 sample always had a significantly higher intensity than the corresponding i+3 sample. 
This unique feature can be potentially used to distinguish an α-helix from a π- helix or 
310-helix. Moreover, 
2H modulation depth for ESEEM samples on Leu10 were 
significantly enhanced which was consistent with a kinked or curved structural model of 
the AChR M2δ peptide as suggested by previous MD simulations and NMR 
experiments. 
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4.2 Introduction: 
        A majority of membrane protein structural motifs fall into two categories: 
membrane-spanning or surface associated α-helix or α-helix bundles and β-barrels 
(Lomize et al., 2006; McLuskey et al., 2010). More than 70% of membrane proteins with 
solved 3-D structures are proteins composed of α-helices (McLuskey et al., 2010). As a 
result of the abundance of secondary structures in membrane proteins, assembly, 
packing and interaction of membrane proteins are largely affected, if not dictated by the 
secondary structure of membrane proteins (Kurochkina, 2010). Generally, better 
knowledge about the secondary structure, particularly the site-specific secondary 
structure, is useful towards a better understanding of membrane protein function, 
dynamics and lipid interactions (Bordag and Keller, 2010). Also, the formation and 
transition of secondary structural components are crucial for a variety of cellular 
processes ranging from protein folding and refolding to the amyloid deposits in various 
neurodegenerative disorders such as Alzheimer’s, Huntington’s, and Parkinson’s 
disease (Gross, 2000).  
        There are several established biophysical techniques that are used to study 
secondary structures of membrane proteins such as circular dichroism (Whitmore and 
Wallace, 2008),(Greenfield, 2006), solid-state NMR (Yu and Lorigan, 2014), FT-Raman 
(Roach et al., 2012) and ATR FT-IR (Carbonaro and Nucara, 2010). The Lorigan lab is 
developing a powerful novel ESEEM approach to probe the local secondary structure of 
membrane proteins that is advantageous when compared to other structural biological 
techniques (Liu et al., 2012; Mayo et al., 2011; Zhou et al., 2012). ESEEM spectroscopy 
coupled with SDSL can provide valuable local secondary structural information (α-helix 
and β-strand) of membrane proteins and peptides in lipid bilayers (Zhou et al., 2012). 
Moreover, the high sensitivity of this ESEEM approach only requires a small amount of 
sample and a short amount of data acquisition time (Liu et al., 2012). Those features 
make this approach extremely suitable for studying inherently difficult systems such as 
membrane protein systems (Klare and Steinhoff, 2009). 
        Figure 4.1 shows the Site-directed spin labeling and isotopic labeling scheme for 
this ESEEM approach on a model α-helical peptide AChR M2δ. For this ESEEM 
approach, the sidechain of one amino acid (such as Leu) in a model peptide at position i 
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was selectively labeled with 2H (blue in Figure 4.1). A nitroxide spin label was attached 
to a mutated cysteine residue on a subsequence position on each sample (denoted as 
i+1 to i+4, yellow in Figure 4.1) which is one, two, three or four amino acids away from 
the 2H-labeled Leu (Mayo et al., 2011). ESEEM spectroscopy can detect the weak 
dipolar coupling between the spin label and 2H atoms up to 8 Å. When the 2H-labeled 
amino acid and spin-labeled cysteine are three or four amino acids away (i+3 or i+4), 
sidechains from the 2H-labeled amino acid and the spin label point to the same side of 
the helix (Figure 4.1A). Thus, weak dipolar couplings between 2H and nitroxide can be 
detected for i+3 and i+4 samples. Due to the fact that a typical α-helix has 3.6 amino 
acids per turn and a 5.4 Å pitch, the 2H-labeled amino acid sidechain and the nitroxide 
spin label point to opposite sides of the helix when they are one or two amino acids 
away (i+1 or i+2). As shown in Figure 4.1B, the distance between the 2H on the amino 
acid sidechain and the nitroxide spin label is larger than the ESEEM detection limitation. 
Thus, deuterium modulation would not be detected in the ESEEM time domain data or 
in the frequency domain data (Liu et al., 2012; Mayo et al., 2011; Zhou et al., 2012).  
 
Figure 4.1: ESEEM experiment SDSL and isotopic label paradigm with a model α-helix 
(AChR M2δ peptide) for (A) the i+/-3 sample, (B) the i+/-2 sample. 
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        Previously, we demonstrated the feasibility of this ESEEM approach using 2H-
labeled d10 Leu and 
2H-labeled d8 Val as probes (Liu et al., 2012; Mayo et al., 2011). 
Since 2H-labeled d10 Leu has been shown as a very efficient 
2H-labeled probe for this 
ESEEM approach, a more in-depth understanding about its ESEEM pattern and 
variations at different positions could be extremely helpful for its future application in 
biological systems (Liu et al., 2012). Here, we further explore the ESEEM signal pattern 
of an α-helix with 2H-labeled d10 Leu residues and provide a libary of valuable data for 
this 2H-labeled probe for the first time. Multiple 2H-labeled d10 Leu residues on AChR 
M2δ peptides were mapped out on both sides with SDSL to provide a more detailed 
description of the ESEEM pattern. All of the ESEEM data sets observed at different 
sites showed a similar distinguishing α-helical ESEEM spectra pattern. Also, modulation 
depth of the i+/-4 sample for each set of data was larger than the corresponding i+/-3 
sample for 2H-labeled d10. This regularity can potentially be used to distinguish an α-
helical structure from other less common helical structures such as 310-helix or π-helix.  
 
4.3 Experimental Methods 
        The M2δ peptide of the nicotinic acetylcholine receptor (AChR) with 23 amino acid 
residues was used as an α-helical model for transmembrane peptides and proteins 
(denoted as AChR M2δ) (Oblatt-Montal et al., 1993; Opella et al., 1999). Table 4.1 
shows the amino acid sequences of the wild type and all experimental constructs of the 
M2δ peptides. For this study, four Leu residues at positions 10, 11, 17 and 18 were 
mapped out with this ESEEM approach. Four different peptides were designed on the 
left (-) and the right (+) side for each Leu residue. The 2H-labeled d10 Leu was at 
position i with the cysteine (denoted as X) at four successive positions (denoted as i+1 
to i+4).
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 N-terminal (-) C-terminal (+) 
Wild Type NH2-EKMSTAISVLLAQAVFLLLTSQR-COOH 
Leu10  NH2-EKMSTAISXiLAQAVFLLLTSQR-COOH NH2-EKMSTAISViXAQAVFLLLTSQR-COOH 
 NH2-EKMSTAIXViLAQAVFLLLTSQR-COOH NH2-EKMSTAISViLXQAVFLLLTSQR-COOH 
 NH2-EKMSTAXSViLAQAVFLLLTSQR-COOH NH2-EKMSTAISViLAXAVFLLLTSQR-COOH 
 NH2-EKMSTXISViLAQAVFLLLTSQR-COOH NH2-EKMSTAISViLAQXVFLLLTSQR-COOH 
Leu11 NH2-EKMSTAISVXiAQAVFLLLTSQR-COOH NH2-EKMSTAISVLiXQAVFLLLTSQR-COOH 
 NH2-EKMSTAISXLiAQAVFLLLTSQR-COOH NH2-EKMSTAISVLiAXAVFLLLTSQR-COOH 
 NH2-EKMSTAIXVLiAQAVFLLLTSQR-COOH NH2-EKMSTAISVLiAQXVFLLLTSQR-COOH 
 NH2-EKMSTAXSVLiAQAVFLLLTSQR-COOH NH2-EKMSTAISVLiAQAXFLLLTSQR-COOH 
Leu17 NH2-EKMSTAISVLLAQAVXiLLTSQR-COOH NH2-EKMSTAISVLLAQAVFiXLTSQR-COOH 
 NH2-EKMSTAISVLLAQAXFiLLTSQR-COOH NH2-EKMSTAISVLLAQAVFiLXTSQR-COOH 
 NH2-EKMSTAISVLLAQXVFiLLTSQR-COOH NH2-EKMSTAISVLLAQAVFiLLXSQR-COOH 
 NH2-EKMSTAISVLLAXAVFiLLTSQR-COOH NH2-EKMSTAISVLLAQAVFiLLTXQR-COOH 
Leu18 NH2-EKMSTAISVLLAQAVFXiLTSQR-COOH NH2-EKMSTAISVLLAQAVFLiXTSQR-COOH 
 NH2-EKMSTAISVLLAQAVXLiLTSQR-COOH NH2-EKMSTAISVLLAQAVFLiLXSQR-COOH 
 NH2-EKMSTAISVLLAQAXFLiLTSQR-COOH NH2-EKMSTAISVLLAQAVFLiLTXQR-COOH 
 NH2-EKMSTAISVLLAQXVFLiLTSQR-COOH NH2-EKMSTAISVLLAQAVFLiLTSXR-COOH 
Table 4.1: Wild type and experimental constructs of AChR M2δ (α-helix). i is the 
positions where 2H-labeled d10 Leu was placed. X is the position for MTSL 
incorporation. 
 
        All peptides were synthesized using Fmoc solid phase peptide synthesize 
chemistry on a CEM microwave solid phase peptide synthesizer (Chandrudu et al., 
2013; Raibaut et al., 2015). A resin with a low loading (0.2 mmol/g) and a high swallow 
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rate was chosen to increase the yield of this relatively hydrophobic peptide sequence. 
2H-labeled d10 Leu (Isotec) was dissolved in dimethylformamide and used as the 
2H 
probe and incorporated into each peptide at a designated position (i). Those peptides 
were cleaved from their resin supports in a cleavage cocktail with trifluoroacetic acid/ 
Anisole/ Ttriisopropylsilane / H2O (85%/5%/5%/5%) for 3 hours. The cleavage cocktail 
was evaporated by N2 gas flow until peptide precipitation started to appear. Methyl tert-
butyl ether was added to assist the precipitation of peptide and wash off any possible 
residual trifluoroacetic acid. The crude peptides were dried under a vacuum overnight. 
Reverse-phase HPLC was used for purification with a C4 preparation column and a 
gradient of 5% to 95% solvent B (90% acetonitrile) (Mayo et al., 2008). Purified peptides 
were labeled with a 5 fold excess of MTSL (Toronto Research Chemicals) in DMSO for 
20 hours and excess MTSL was removed by HPLC. MALDI-TOF was utilized to confirm 
the molecular weight and the purity of target peptides. HPLC fractions for pure and 
labeled peptides were lyophilized to a powder form for further usage and storage.  
        For these experiments, bicelles were used as a membrane mimic system to yield 
high quality ESEEM data. MTSL-labeled M2δ peptides were integrated into 
DMPC/DHPC (3.5/1) bicelles at a 1:1000 molar ratio. X-band CW-EPR (~9 GHz) 
spectroscopy was used to measure spin concentrations (~150 μM) of all bicelle 
samples. Three-pulse ESEEM measurements were performed on a Bruker ELEXSYS 
E580 with an ER 4118X MS3 resonator using a 200 ns tau value with a microwave 
frequency of ~9.269 GHz at 80 K (Liu et al., 2012; Mayo et al., 2011; Zhou et al., 2012). 
For all samples, a starting T of 386 ns and 512 points in 12 ns increments were used to 
collect the spectra. All ESEEM data were obtained with 40 µl of bicelle samples and 40 
scans (Liu et al., 2012; Mayo et al., 2011).  
        The original ESEEM time domain data were fit to a two component exponential 
decay (Liu et al., 2012; Mayo et al., 2011). The maximum value of the exponential fit 
was scaled to 1 and the same factor was applied to the time domain data. The 
exponential fit was then subtracted from the time domain data and yielded a scaled 
ESEEM spectrum with modulation about zero. A cross-term averaged Fourier 
transformation (FT) was performed to the resulting spectrum to generate the 
corresponding frequency domain with minimized dead time artifacts (Liu et al., 2012; 
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Mayo et al., 2011). Maximum Deuterium peaks intensities at 2.3 MHz were measured 
and recorded for further analysis. 
 
4.4 Results 
 
Figure 4.2: Three-pulse ESEEM experimental data of AChR M2δ with 2H-labeled d10 
Leu18 
 
        Figure 4.2 shows three-pulse ESEEM data for 2H-labeled d10 Leu18 (i-1 through i-
4) M2δ peptides incorporated into DMPC/DHPC (3.5/1) bicelles. In the time domain 
data (Figure 4.2 left), 2H modulation is clearly observed for i-3 and i-4 samples of 2H-
labeled d10 Leu18 M2δ peptides. Also, a corresponding 
2H peak is clearly observed for 
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those samples centered at the 2H Larmor frequency of 2.3 MHz in the frequency domain 
data (Figure 4.2 right). However, there was no 2H modulation observed for the 2H-
labeled d10 Leu11 i-2 or i-1 M2δ samples. These results reveal a unique ESEEM pattern 
for an α-helix which is consistent with previous ESEEM results (Liu et al., 2012; Mayo et 
al., 2011; Zhou et al., 2012). Despite the longer sidechain with more flexibility of the Leu 
amino acid, ESEEM spectra still revealed a similar pattern for this α-helix. At the same 
time, the modulation depth in the time domain data and the FT peak intensity in the 
frequency domain data of i-3 and i-4 positions were comparable to previous results (Liu 
et al., 2012). The high signal to noise ratio of 2H-labeled d10 Leu makes it a very efficient 
sidechain probe for this ESEEM technique.  
        ESEEM data for all eight sets of AChR M2δ samples were collected under the 
same sample and experimental conditions. The original time domain and frequency 
domain data are shown in the Figures 4.3 to 4.6. Normalized 2H frequency domain FT 
peak intensities for all data sets were measured and plotted in Figure 4.7. In Figure 
4.7(A), data were organized according to each Leu positions and each sample (i+/-1 to 
i+/-4) were labeled in different colors. Several differences were noticed depending upon 
the location of the 2H-labeled d10 Leu and the spin label.
 2H peak intensities for i+/-4 
positions varied from 0.1 to 0.6, while for i+/-3 positions it varied from 0.03 to 0.3. Any 
frequency domain spectra with an obvious 2H peak had a normalized intensity larger 
than 0.02 (indicted by the red line). Despise the variation of peak intensities between 
different datasets; it is obvious that all of them have the same pattern within each set of 
i+/-1 through 1+/-4 data as demonstrated in Figure 4.7A. No 2H modulation was 
observed for and of the i+/-2 samples. Most i+/-1 positions did not show any modulation 
above the noise level. Leu11 minus 1 and Leu17 minus 1 position showed a minor 2H 
peak near the noise level, but were several folds lower than its corresponding i+/-3 and 
i+/-4 positions. Clearly, ESEEM data from all i+/-3 and i+/-4 positions showed significant 
2H modulation in the time domain and a strong 2H peak in the frequency domain (see 
Figure 4.3 to Figure 4.6). Also, all the data set demonstrated high sensitivity with 
excellent signal to noise ratio with less than 2 hours of total data acquisition time.  
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Figure 4.3: Three-pulse ESEEM experimental data of AChR M2δ with 2H-labeled d10 
Leu10 
 
Figure 4.4: Three-pulse ESEEM experimental data of AChR M2δ with 2H-labeled d10 
Leu11 
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Figure 4.5: Three-pulse ESEEM experimental data of AChR M2δ with 2H-labeled d10 
Leu17 
Figure 4.6: Three-pulse ESEEM experimental data of AChR M2δ with 2H-labeled d10 
Leu18 
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Figure 4.7: Normalized ESEEM FT domain intensity from all four 2H-labeled d10 Leu 
data sets. 
 
        In Figure 4.7B, the ESEEM data are re-organized according to different positions 
(i+/-x) for comparison. The results clearly indicate that most 2H peak amplitudes of i+/-3 
and i+/-4 samples on the N-terminal side (-) were higher than the corresponding C-
terminal side (+). However, the ESEEM data of the Leu10 position showed significantly 
larger 2H FT peak amplitudes on both N-terminal and C-terminal sides. Also, a 2H FT 
peak for the i-1 sample is observed for this Leu position.  
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Figure 4.8: Frequency domain 2H peak intensity comparison between i+/-4 positions to 
i+/-3 positions for all ESEEM data. 
 
        Figure 4.8 compares the normalized frequency domain 2H FT peak intensities of 
i+/-4 and i+/-3 positions for a particular 2H-labeled d10 Leu. The peak intensities of the 
i+/-4 sample were plotted against the corresponding i+/-3 sample. The red line in Figure 
4.8 represents an equal 2H FT peak intensities at i+/-4 and i+/-3 positions, whereas the 
blue line is indicative of the i+/-4 peak twice as large as the corresponding i+/-3 peak. 
The graph clearly indicates that all ESEEM data from the 2H-labeled d10 Leu AChR M2δ 
peptides fell in this region which indicated that i+/- 4 samples always showed a peak 
with at least a twofold increase in the 2H FT peak intensity than the corresponding i+/- 3 
with d10 Leu isotopic probe for an α-helical structure. 
 
4.5 Discussion 
        The nicotinic acetylcholine receptor is a ligand-gated ion channel receptor which is 
important for signal transduction across plasma membranes (Itier and Bertrand, 2001). 
It consists of five protein subunits with each of them containing four transmembrane 
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helices, known as M1 through M4. The M2 segment is a membrane-spanning α-helix 
with 23 amino acid residues that is highly conserved and responsible for assembly of 
the channel pore. High resolution structures of both the AChR protein and the isolated 
M2 segment peptide have been obtained (Long et al., 2007; Opella et al., 1999; 
Sankararamakrishnan and Sansom, 1995; Unwin, 1995). In addition, it has been shown 
that AchR M2δ peptide has a 14 degree tilt angle with respect to the membrane normal 
upon insertion into DMPC bilayers (Mayo et al., 2008; Newstadt et al., 2009). In 
previous ESEEM studies utilizing 2H-labeled d8 Val and 
2H labeled d10 Leu as the 
2H 
probe, ESEEM data indicated that the distance between 2H atoms on the amino acid 
sidechain and the spin label are within 8 Å for i+3 and i+4 positions, but not for i+1 or 
i+2 positions (Liu et al., 2012; Mayo et al., 2011). Due to the longer sidechain and extra 
two 2H nuclei, 2H-labeled d10 Leu demonstrated a much higher signal intensity than 
2H-
labeled d8 Val in the previous study (Liu et al., 2012). Thus, 
2H-labeled d10 Leu has 
advantages over 2H-labeled d8 Val for this method with a higher signal noise ratio and 
shorter data acquisition time. In this study, four Leu residues on the AChR M2δ peptide 
were fully mapped out on both the N-terminal (-) and the C-terminal (+) sides utilizing 
this ESEEM approach. With 2H-labeled d10 Leu, ESEEM data were collected at 
numerous positions and generated a reference for further secondary structural 
applications for more complicated biological systems. In addition, local environments 
around those different 2H-labeled d10 Leu residues were explored with this SDSL 
ESEEM approach. 
 
4.5.1 General ESEEM pattern for α-helix 
        All ESEEM data demonstrated similar patterns which resembles an α-helical 
structure. Weak dipolar coupling can be detected between 2H nuclei on the Leu 
sidechain and a nitroxide spin label for i+/-3 and i+/-4 positions for all Leu residues on 
both the N-terminal (-) and the C-terminal (+) sides. Those results indicated that 
sidechain distances between 2H-labeled Leu residues and spin labels are within the 8 Å 
detection limit for i+/-3 and i+/-4 positions due to the unique 3.6 amino acids per turn 
feature of the α-helical structure. Only minor 2H peaks around the noise level, if any, 
were detected for i+/-1 positions. For all the constructs that had been tested with this 
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ESEEM approach, none of them showed any 2H modulation for i+/-2 positions. Different 
conformations of MTSL and Leu might be favored due to unique sidechain or tertiary 
interactions. All of these factors play a role in the 2H modulation depth and can affect 
the corresponding FT intensity. However, all of the ESEEM results obtained so far 
demonstrated that the ESEEM spectra pattern for an α-helix (i+/-1 to i+/-4) was not 
affected by the flexibility of the MTSL or the Leu sidechain, which verify the reliability of 
this ESEEM approach on identifying secondary structural motifs.  
 
4.5.2 Relative 2H peak intensity for i+/-3 and i+/-4 positions 
        Previous ESEEM studies have revealed a distinguishing pattern for an α-helical 
secondary structure with 2H-labeled d10 Leu and 
2H-labeled d8 Val (Liu et al., 2012; 
Mayo et al., 2011). 2H modulation can be detected for i+/-3 and i+/-4 positions, but not 
i+/-1 or i+/-2 positions. Beside the similar pattern 2H-labeled d10 Leu and 
2H-labeled d8 
Val sharing for α-helix, Leu demonstrated some unique features due to the longer and 
more flexible sidechain. The i+/-4 to i+/-3 ratio shown in Figure 4.8 reveal a unique 
pattern for Leu in which the i+/-4 positions have much larger 2H peaks when compared 
to the corresponding i+/-3 positions. Since a standard α-helix has a 3.6 amino acid per 
turn regularity, the angle between the sidechain of the amino acid and the MTSL with 
respect to the helical axis was smaller in i+/-4 positions than i+/-3 positions (Batchelder 
et al., 1982; Columbus et al., 2001; Mulder, 2009). As the sidechain gets longer, the 
distance between the 2H atoms on the Leu sidechain and the nitroxide spin label reflect 
this angle differences more significantly. Thus, the ESSEM results always showed a 
larger 2H peak when utilizing 2H-labeled d10 Leu as a probe. The ESEEM results 
indicate that the small angular difference between i+/-4 and i+/-3 positions of an α-helix 
can be detected with this ESEEM approach.  
        With this unique pattern of 2H-labeled d10 Leu, this new approach could potentially 
identify less abundant helical structures such as a 310-helix or a π-helix. In the case of 
the 310-helix, the i+/-3 position should have a larger 
2H peak than the corresponding i+/-
4 position due to the 3.1 amino acid per turn regularity while i+/-1 and i+/-2 positions 
should not show any 2H modulation (Kubota et al., 2014). As for the π-helix, it has 4 
amino acids per turn. Thus, the i+/-3 and the i+/-1 should have similar 2H modulation 
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depth, while the i+/-2 would not show any modulation as a normal α-helical structure. 
Also, the i+/-4 position should have the largest peak when compared to the 
corresponding i+/-1 and i+/-3 positions.  
 
4.5.3 ESEEM 2H peak intensity and 2H-labeled sidechain orientations 
        In Figure 4.7B, all ESEEM 2H FT peak amplitudes of the i+/-3 and i+/-4 positions 
on the N-terminal side (-) were larger than the corresponding C-terminal side (+), which 
indicated that the spin label and 2H-labeled sidechain were generally closer together on 
the N-terminal side. The distance between the spin label and 2H-labeled sidechain can 
be affected by the conformation either one or both of them adopted. The MTSL spin 
label has three torsion angle rotations about χ1, χ2 and χ3 and two additional free 
torsion angle rotations about χ4 and χ5 (Beier and Steinhoff, 2006). However, for each 
2H-labeled d10 Leu residue, the distance on the N-terminal side were closer than the 
corresponding C-terminal side consistently regardless of the MTSL position of is i+/-3, 
i+/-4. Thus, it is more likely that those distances were dominated by the relative 
orientation of the 2H-labeled Leu sidechain which was fixed for each position probed 
rather than the spin labeled Cys sidechain in these cases. The ESEEM data suggests 
that 2H-labeled Leu sidechains were orientated more towards the N-terminal side of the 
peptide on 10, 11, 17 and 18 positions. Leu sidechains have two torsion angle rotations 
about χ1 and χ2 and two free rotation modes about the Cγ and Cδ bonds, which 
correspond to two (CD3) methyl groups (Batchelder et al., 1982). Thus, different 
conformations of the Leu sidechain might be favored due to dynamic and tertiary 
interactions that can affect the observed 2H modulation depth (Batchelder et al., 1982; 
Mulder, 2009; Wand, 2001). 
        Previous computational simulation studies have indicated that the AChR M2δ 
peptide has more polar amino acids and is more flexible on the N-terminal end (Kessel 
et al., 2003b). Thus, interactions of those polar sidechains with the membrane surface 
and water environment outside the membrane could cause the amino acid sidechains 
on the N-terminal end tilting slightly toward the surface of the membrane bilayer (Kessel 
et al., 2003a). As a consequence, it is more geometrically favorable for the Leu 
sidechains to tilt towards the N-terminal side.  
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4.5.4 ESEEM pattern deviation at Leu10 position is consistent with the kinked 
model of the M2δ peptide: 
 
Figure 4.9: AChR M2δ peptide structural representations of the straight and the kinked 
model. 
 
        The structure of the AChR M2 peptide has been characterized via solution NMR in 
dodecylphosphocholine (DPC) micelles (PDB: 1A11) and by solid-state NMR in 
mechanically oriented 1, 2-dimyristoyl-sn-glycerophosphcholine (DMPC) bilayers (PDB: 
1EQ8) (Opella et al., 1999). Results shows that the M2 peptide is a transmembrane α-
helix with no kink. However, it should be noted the DPC micelle is not a perfect bilayer 
mimetic for transmembrane proteins and peptides (Altenbach et al., 1994). Also, 
mechanically aligned solid-state NMR technique requires samples with highly oriented 
lipid bilayer, which is difficult to achieve and highly lipid- or peptide-dependent  (Byström 
et al., 2000). In contrast to those early NMR structures,  cryo-EM, molecular modeling 
and magical angle spinning (MAS) solid-state NMR studies of the AChR M2δ peptide 
suggested the helix is kinked in the vicinity of Leu11 (Hung et al., 2005; 
Sankararamakrishnan et al., 1996; Unwin, 1995). Early mutagenesis studies and 
sequence comparisons suggested Leu11 play a key role in the gating mechanism of the 
AChR channel (Galzi et al., 1992). Cryo-EM and molecular modeling studies proposed 
the open and closed states of the AChR channel with a bending motion at this position 
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(Unwin, 1995). In the closed state, the AChR M2δ segment is kinked so that Leu11 
sidechain adapt conformation to prevent the ion conduction (Unwin, 2005). In addition, 
the MAS solid-state NMR results showed peptide backbone torsion angles at positions 
L10, L11, and A12 are deviated from a classic α-helical conformation (Long et al., 
2007). 
        As mentioned above, 2H ESEEM peak amplitudes for the Leu10 position of M2δ 
peptide were enhanced on both the N-terminal (-) and the C-terminal (+) side at i+/-3 
and i+/-4 positions when compared to all other Leu residues in this study. Also, both 
sides of the Leu10 i+/-1 position showed 2H modulation larger than other i+/-1 positions 
on the same side. The 2H peak intensities at the i-1 position is especially significant 
when compared to other i+/-1 positions (Figure 4.7B). These ESEEM results suggest a 
closer distance between the sidechain of Leu10 and R1 sidechains at 6 and 14 
positions. The kinked model of the AChR M2δ segment shows a slightly curve around 
residue Leu11 (Figure 4.9B right). Figure 4.9C illustrates the effects of the kink at Leu11 
on the sidechain proximities on both the inner and outer sides of the channel. The 
sidechain of Leu11 (red dots) points towards the center of the channel while the helix 
bends away from the center of the channel due to the kink . Sidechains of residues such 
as Leu10, Ala6 and Ala14 locate in the outer side of the channel and point outward from 
the center of the channel (Blue dots). As shown in Figure 4.9C, the outer side of the 
helix would be more crowded with sidechains (right) when compared to that of the 
straight peptide (left). Thus, sidechains of those residues located in the outer side of the 
channel would be more close to each other due to the kink. As a result, closer distances 
between Leu10 sidechain and MTSL at Ala6 (Leu10 i-4) and Ala14 (Leu10 i+4) 
positions, which is indicated by enhanced ESEEM 2H FT peaks, were observed. Larger 
ESEEM 2H FT peaks observed for Leu10 position samples are consistent with 
previously reported kinked model of AChR M2δ peptide (Long et al., 2007; 
Sankararamakrishnan et al., 1996; Tikhonov and Zhorov, 1998).  
         
4.6 Conclusions: 
        In this study, 2H-labeled d10 Leu has been shown to be a very powerful secondary 
structural probe with a high sensitivity and an excellent signal to noise ratio to study the 
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local α-helical secondary structure. The ESEEM data from four different Leu residues on 
the AChR M2δ peptide further validates this structural biology approach and provides 
researchers with a reference to probe α-helical secondary structural components for 
proteins and peptides.  Moreover, the ratio of 2H FT peak intensities between the i+/-4 
and the i+/-3 samples can be potentially utilized to determine less predominant helical 
structures such as a 310-helix and a π-helix. Further studies need to be conducted to 
explore the application of this ESEEM approach to identify and distinguish more 
secondary structures and structural motifs. Also, different 2H-labeled amino acids with 
different numbers of 2H atoms, sidechain length and rigidity should be studied with this 
ESEEM approach to establish ESEEM patterns for different secondary structures.  
        This ESEEM method uses SDSL and selective deuterium labels, both of which can 
be incorporated into standard expression systems using site-direct mutagenesis and 
selective isotopic labeling techniques for applications to larger protein systems. Thus, 
this new ESEEM secondary structure approach can be applied to a wide variety of 
different protein systems that are not amiable to other biophysical techniques.  
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5.1 Abstract: 
        A novel Electron Spin Echo Envelope Modulation (ESEEM) approach was 
developed in the Lorigan lab to probe local secondary structures of membrane proteins 
and peptides. This ESEEM approach detects dipolar couplings between 2H-labeled 
nuclei on the side chains of an amino acid (Leu or Val) and a strategically placed 
nitroxide spin-label in the proximity up to 8 Å. ESEEM spectra patterns for different 
samples correlate directly to the periodic structural feature of different secondary 
structures. Since this pattern can be affected by the side chain length and flexibility of 
the 2H-labeled amino acid used in the experiment, it is important to examine several 
different hydrophobic amino acids (d3 Ala, d8 Val, d8 Phe) utilizing this ESEEM 
approach. In this work, series of ESEEM data were collected on the AChR M2δ 
membrane peptide to build a reference for the future application of this approach for 
various biological systems. The results indicate that despite the relative intensity and 
signal-to-noise level, all amino acids share a similar ESEEM modulation pattern for α-
helical structures. Thus, all commercially available 2H-labeled hydrophobic amino acids 
can be utilized as probes for the further application of this ESEEM approach. Also, the 
signal intensities increased as the side chain length gets longer or less rigid. In addition, 
longer side chain amino acids had a larger 2H peak centered at the 2H Larmor 
frequency for the i+/-4 sample when compared to the corresponding i+/-3 sample. For 
shorter sidechain amino acids, the 2H ESEEM FT peak intensity ratio between i+/-4 and 
i+/-3 were not well-defined.  
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5.2 Introduction: 
        Previously, we reported a very efficient and straightforward local secondary 
structure approach utilizing the pulsed EPR technique Electron Spin Echo Envelope 
Modulation (ESEEM) (Liu et al., 2012; Mayo et al., 2011; Zhou et al., 2012). The local 
secondary structure of membrane-spanning or membrane-associated proteins and 
peptides can be identified by detecting weak dipolar couplings between 2H atoms in a 
2H-labeled amino acid sidechain and a nearby spin label. This method requires µg 
amounts of protein sample, a couple hours of data acquisition time and a minimum 
amount of data analysis. Also, this method has no size limitation for the protein 
complexes of interest and can be conducted in their native mimetic environments.  
 
Figure 5.1: ESEEM experiment SDSL and isotopic label paradigm with a model α-helix 
(AChR M2δ peptide): (A) i+/-3 and i+/-4 samples, (B) i+/-1 and i+/-2 samples. 2H-labeled 
d8 Val residues are highlighted in blue at position 9. Cys residues attached with MTSL 
are highlighted in yellow. 
 
        Figure 5.1 shows the spin-labeling and 2H-labeling strategies of this ESEEM 
approach. A cysteine mutated nitroxide spin label (yellow) is positioned strategically 1, 
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2, 3 and 4 residues away from an amino acid (Blue) with a deuterated side chain 
(denoted as i+/-1 to i+/-4). The characteristic periodicity of the α-helix or β-strand 
structure reveals unique patterns in individual ESEEM spectra (Zhou et al., 2012). For a 
typical α-helix, the 2H-labeled side chain and the spin label for i+/-3 and i+/-4 samples 
are located on the same side of the helix as showed in Figure 5.1A. Thus, weak dipolar 
couplings between the 2H-labeled side chain and the spin label can be detected by the 
ESEEM technique for i+/-3 and i+/-4 samples. However, the distance between the 2H-
labeled side chain and the spin label is more than 8 Å for i+/-1 and i+/-2 samples as 
they point to opposite sides of the helix (Figure 5.1B). Thus, no 2H modulation can be 
observed for i+/-1 and i+/-2 samples. More experiments have been performed with 2H-
labeled d10 Leu to build up a library of references for further applications of this method. 
The long and flexible side chain of Leu gives rise to several unique features within 
different ESEEM spectra. The ESEEM data always show strong 2H modulation in the 
ESEEM time domain data and a high intensity 2H FT peak in the frequency domain data 
for i+/-4 and i+/-3 samples. In addition, 2H modulation of i+/-4 samples were always 
significantly deeper than the corresponding i+/-3 sample.  
        In order to apply this approach to different biological systems with a variety of 
different types of amino acid compositions, it is important to examine the effects of side 
chain length and flexibility on α-helical ESEEM spectral patterns. In this paper, three 
Ala, two Val and one Phe within the AChR M2δ peptide were mapped out on both N-
terminal (-) and C-terminal (+) sides with this ESEEM approach. Experimental results 
show that commercially available 2H-labeled hydrophobic amino acids (d3 Ala, d8 Val, d8 
Phe, d10 Leu) share a similar ESEEM spectral pattern for an α-helix. Thus, all of these 
2H-labeled residues can be used to identify α-helical structural components within 
membrane proteins and peptides. In addition, this study shows that sidechain length 
and flexibility can affect the signal to noise ratio and relative modulation amplitude. In 
general, 2H-labeled amino acids with longer sidechains and more deuterium atoms give 
rise to deeper modulation depth.  Also, ESEEM results obtained with amino acids with 
longer sidechains, such as d8 Phe and d10 Leu, always show a larger 
2H ESEEM FT 
peak for i+/-4 samples, when compared to the corresponding i+/-3 sample. However, 
short side chain amino acids (such as d3 Ala) do not share this ESEEM pattern. The 
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ESEEM pattern of 2H-labeled amino acids with long side chains can potentially be 
utilized to identify other helical structures such as a π-helix and a 310-helix.  
 
5.3 Experimental Methods: 
 N-terminal (-) C-terminal (+) 
Wild 
Type 
NH2-EKMSTAISVLLAQAVFLLLTSQR-COOH 
Ala6  NH2-EKMSCAISVLLAQAVFLLLTSQR-COOH NH2-EKMSTACSVLLAQAVFLLLTSQR-COOH 
 NH2-EKMCTAISVLLAQAVFLLLTSQR-COOH NH2-EKMSTAICVLLAQAVFLLLTSQR-COOH 
 NH2-EKCSTAISVLLAQAVFLLLTSQR-COOH NH2-EKMSTAISCLLAQAVFLLLTSQR-COOH 
 NH2-ECMSTAISVLLAQAVFLLLTSQR-COOH NH2-EKMSTAISVCLAQAVFLLLTSQR-COOH 
Ala12 NH2-EKMSTAISVLCAQAVFLLLTSQR-COOH NH2-EKMSTAISVLLACAVFLLLTSQR-COOH 
 NH2-EKMSTAISVCLAQAVFLLLTSQR-COOH NH2-EKMSTAISVLLAQCVFLLLTSQR-COOH 
 NH2-EKMSTAISCLLAQAVFLLLTSQR-COOH NH2-EKMSTAISVLLAQACFLLLTSQR-COOH 
 NH2-EKMSTAICVLLAQAVFLLLTSQR-COOH NH2-EKMSTAISVLLAQAVCLLLTSQR-COOH 
Ala14 NH2-EKMSTAISVLLACAVFLLLTSQR-COOH NH2-EKMSTAISVLLAQACFLLLTSQR-COOH 
 NH2-EKMSTAISVLLCQAVFLLLTSQR-COOH NH2-EKMSTAISVLLAQAVCLLLTSQR-COOH 
 NH2-EKMSTAISVLCAQAVFLLLTSQR-COOH NH2-EKMSTAISVLLAQAVFCLLTSQR-COOH 
 NH2-EKMSTAISVCLAQAVFLLLTSQR-COOH NH2-EKMSTAISVLLAQAVFLCLTSQR-COOH 
Val9 NH2-EKMSTAICVLLAQAVFLLLTSQR-COOH NH2-EKMSTAISVCLAQAVFLLLTSQR-COOH 
 NH2-EKMSTACSVLLAQAVFLLLTSQR-COOH NH2-EKMSTAISVLCAQAVFLLLTSQR-COOH 
 NH2-EKMSTCISVLLAQAVFLLLTSQR-COOH NH2-EKMSTAISVLLCQAVFLLLTSQR-COOH 
 NH2-EKMSCAISVLLAQAVFLLLTSQR-COOH NH2-EKMSTAISVLLACAVFLLLTSQR-COOH 
Val15 NH2-EKMSTAISVLLAQCVFLLLTSQR-COOH NH2-EKMSTAISVLLAQAVCLLLTSQR-COOH 
 NH2-EKMSTAISVLLACAVFLLLTSQR-COOH NH2-EKMSTAISVLLAQAVFCLLTSQR-COOH 
 NH2-EKMSTAISVLLCQAVFLLLTSQR-COOH NH2-EKMSTAISVLLAQAVFLCLTSQR-COOH 
 NH2-EKMSTAISVLCAQAVFLLLTSQR-COOH NH2-EKMSTAISVLLAQAVFLLCTSQR-COOH 
Phe16 NH2-EKMSTAISVLLAQACFLLLTSQR-COOH NH2-EKMSTAISVLLAQAVFCLLTSQR-COOH 
 NH2-EKMSTAISVLLAQCVFLLLTSQR-COOH NH2-EKMSTAISVLLAQAVFLCLTSQR-COOH 
 NH2-EKMSTAISVLLACAVFLLLTSQR-COOH NH2-EKMSTAISVLLAQAVFLLCTSQR-COOH 
 NH2-EKMSTAISVLLCQAVFLLLTSQR-COOH NH2-EKMSTAISVLLAQAVFLLLCSQR-COOH 
 
Table 5.1: Wild type and experimental constructs of AChR M2δ (α-helix). 2H-labeled d3 
Ala, d8 Val and d8 Phe are marked in bold red. C mark positions where the amino acid 
is replaced by Cys for MTSL incorporation. 
 
       The M2δ peptide of the nicotinic acetylcholine receptor (AChR) with 23 amino acid 
residues was used as an α-helical structural model for transmembrane peptides and 
proteins (denoted as AChR M2δ) (Oblatt-Montal et al., 1993; Opella et al., 1999; 
Sankararamakrishnan et al., 1996). Table 1 shows the sequence of the wild type and all 
experimental constructs of M2δ peptides. There are three Ala residues at positions 6, 
12 and 14; two Val residues at positions 9 and 15; and one Phe residue at position 16. 
Four different peptides were designed for both the left (-) and the right (+) side of each 
of these residues. 2H-labeled amino acids (d3 Ala, d8 Val or d8 Phe) are highlighted in 
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bold red (i). Cysteine is highlighted in blue at four successive positions (denoted as i+1 
to i+4) for spin label attachment.  
        All peptides were synthesized on a CEM liberty solid-phase peptide synthesizer 
utilizing Fmoc-chemistry (Chandrudu et al., 2013; Góngora-Benítez et al., 2013; Mäde 
et al., 2014). Full-length AChR M2δ peptides were cleaved from the solid support and 
purified using reverse-phase HPLC as described (Inbaraj et al., 2006; Liu et al., 2012; 
Mayo et al., 2008). Purified peptides were labeled with a 5 folds excess of MTSL 
(Toronto Research Chemicals) in DMSO for 20 hours and excess MTSL was removed 
by HPLC. MALDI-TOF was utilized to confirm the molecular weight and purities of the 
target AChR M2δ peptides. HPLC fractions for pure and labeled peptides were 
lyophilized to powder form for further use and storage.  
        For these experiments, bicelles were used as membrane mimic system to yield 
high quality ESEEM data. MTSL-labeled M2δ peptides were integrated into 1,2-
dimyristoyl-sn-glycero-3-phosphocholine/1,2-dihexanoyl-sn-glycero-3-phosphocholine 
(DMPC/DHPC) bicelles (q=3.5/1) at 1:1000 peptides to lipids molar ratio. X-band CW-
EPR (~9 GHz) spectroscopy was used to measure spin concentrations (~150 μM) of all 
bicelle samples.       
        Three-pulse ESEEM measurements were performed on a Bruker ELEXSYS E580 
with an ER 4118X MS3 resonator using a 200 ns tau value with a microwave frequency 
of ~9.269 GHz at 80 K. For all samples, a starting T of 386 ns and 512 points in 12 ns 
increments were used to collect the spectra. All ESEEM data were obtained with 40 µl 
of bicelle samples volume and in 30 scans. The original ESEEM time domain data were 
fit to a two component exponential decay. The maximum value of the exponential fit was 
scaled to 1 and the same factor was applied to the time domain data (Liu et al.; Liu et 
al., 2012). The exponential fit was then subtracted from the time domain data and 
yielded a scaled ESEEM spectrum with modulation about zero. A cross-term averaged 
Fourier transformation (FT) was performed to the resulting spectrum to generate the 
corresponding frequency domain with minimized dead time artifacts (Liu et al.; Liu et al., 
2012; Mayo et al., 2011). The maximum intensity of the deuterium peak at 2.3 MHz was 
measured in an arbitrary unit and peak intensity was recorded for further analysis. 
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5.4 Results:  
         Three hydrophobic amino acids with different side chains (2H-labeled d3 Ala, 
2H-
labeled d8 Val and 
2H-labeled d8 Phe) were utilized as 
2H-labeled probes for this 
ESEEM secondary structure method. Experimental results obtained from this study 
were presented and compared to previously reported 2H-labeled d10 Leu data.  
        Figure 5.2 shows three-pulse ESEEM secondary structural data for the AChR M2δ 
peptide utilizing 2H-labeled d3 Ala as the 
2H-labeled probe. ESEEM time and frequency 
domain data for the 2H-labeled d3 Ala12 on the N-terminal side (-) are shown in Figure 
5.2A. 2H modulation is clearly seen in the time domain data of the i-3 and the i-4 
samples. Correspondingly, a peak centered at the 2H Larmor frequency can be 
observed in the frequency domain data for both samples. 2H modulation was not 
observed for both the i-1 and the i-2 samples. This pattern was consistent with the 
previously established ESEEM signature of an α-helical structure (Liu et al., 2012; Mayo 
et al., 2011). All six sets of ESEEM data for 2H-labeled d3 Ala showed similar pattern 
(see Figures 5.3 to 5.5). Normalized frequency domain 2H FT peak intensities were 
measured and plotted in Figure 5.2B. ESEEM 2H peak intensities varied from 0.03 to 
0.16. Variations in FT peak intensities of the 2H modulation at those different positions 
were smaller when compared to Leu data (Liu et al., 2012). However, any sample with 
an obvious ESEEM time domain 2H modulation and FT 2H peak has a FT peak intensity 
above 0.02 level Thus, 0.02 were used as an threshold between signal and noise, which 
is indicated by the red line. 
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Figure 5.2: Three-pulse ESEEM experimental data of AChR M2δ with 2H-labeled d3 Ala 
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Figure 5.3: Three-pulse ESEEM experimental data of AChR M2δ with 2H-labeled d3 
Ala6 
 
Figure 5.4: Three-pulse ESEEM experimental data of AChR M2δ with 2H-labeled d3 
Ala12 
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Figure 5.5: Three-pulse ESEEM experimental data of AChR M2δ with 2H-labeled d3 
Ala14 
 
Previously, 2H-labeled d8 Val was used to demonstrate the feasibility of this ESEEM 
secondary structure approach (Mayo et al., 2011). Here, two Val residues at positions 9 
and 15 were mapped out on both N-terminal and C-terminal sides (see Figure 5.6 to 5.7 
in the supporting information) to get a better understanding of this 2H-labeled probe. 
Figure 5.8A shows the ESEEM time domain and frequency domain data for 2H-labeled 
d8 Val9 on the N-terminal side (-). It shows a similar α-helical pattern that 
2H modulation 
is observed for i-3 and i-4 samples, but not for i-1 or i-2 samples. Normalized 2H peak 
intensities were plotted in Figure 5.8B. 2H-labeled d8 Val9 and Val15 ESEEM 
2H peak 
intensities varied from 0.04 to 0.14.  
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Figure 5.6: Three-pulse ESEEM experimental data of AChR M2δ with 2H-labeled d8 
Val9 
 
 
Figure 5.7: Three-pulse ESEEM experimental data of AChR M2δ with 2H-labeled d8 
Val15 
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Figure 5.8: Three-pulse ESEEM experimental data of AChR M2δ with 2H-labeled d8 Val 
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Figure 5.9: Three-pulse ESEEM experimental data of AChR M2δ with 2H-labeled d8 Phe 
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Figure 5.10: Three-pulse ESEEM experimental data of AChR M2δ with 2H-labeled d8 
Phe16 
 
        Figure 5.9 shows ESEEM data for 2H-labeled d8 Phe16. The normalized ESEEM 
time and frequency domain data of 2H-labeled d8 Phe16 on the N-terminal side (-) are 
shown in Figure 5.9A. A similar ESEEM pattern for the α-helix was observed. Figure 
5.9B shows the frequency domain 2H ESEEM FT peak intensities for 2H-labeled d8 
Phe16 for both N-terminal and C-terminal sides (see supplemental Figure 5.10).  
        Normalized frequency domain 2H peak FT intensities of Ala, Val and Phe at i+/-3 
and i+/-4 positions were combined with previous Leu data and plotted in Figure 5.11. 
The black solid line represents an equal 2H FT peak intensities at i+/-4 and i+/-3 
positions, whereas the grey line is indicative of the i+/-4 FT 2H peak twice as large as 
the corresponding i+/-3 peak. The graph clearly shows that i+/-4 samples intensities is 
at least twice as large as the corresponding i+/-3 sample for 2H-labeled amino acid 
probes with long side chains (d8 Phe and d10 Leu). All data points from long side chain 
amino acids were spotted near or above the grey line. Data points for 2H-labeled amino 
acid probes with shorter side chains (d3 Ala and d8 Val) were mainly found around the 
black line with a smaller FT peak intensity. Also, it was noticed that the longer the side 
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chain, the further away the data point was from zero point which indicates the longer 
side chain leads to a higher ESEEM signal intensity in general. Since amino acids with 
longer side chains are more flexible to adapt different conformations, it was also 
observed that the longer the side chain length, the more scattered those data points.         
 
Figure 5.11: Frequency domain 2H peak intensity comparison between i+/-4 positions to 
i+/-3 positions:  2H-labeled d3 Ala (Orange), 
2H-labeled d8 Val (Blue), 
2H-labeled d8 Phe 
(Red), 2H-labeled d10 Leu (Green). Black line represents the ESEEM 
2H FT peak 
intensity of the i+/-4 sample equals to the i+/-3 sample. Grey line represents the ESEEM 
2H FT peak intensity of the i+/-4 sample is as twice of the corresponding i+/-3 sample. 
. 
 5.5 Discussion: 
        Four different 2H-labeled amino acids have been examined with this ESEEM 
secondary structure approach. The side chain of 2H-labeled amino acids and spin 
labeled MTSL used in this study are shown in Figure 5.12A.  
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5.5.1 Indentify α-helical secondary structure with ESEEM 
        We used four different 2H-labeled hydrophobic amino acids as probes for this 
ESEEM approach to study the secondary structure of an α-helical peptide. For the 
AChR M2δ transmembrane peptide, weak dipolar couplings between 2H atoms on the 
amino acid side chain and the spin label were detected for i+/-3 and i+/-4 samples. 
However, no 2H modulation was observed for any of the i+/-2 samples. Also, 2H 
modulation amplitude for i+/-1 samples are around noise level and significantly smaller 
than the corresponding i+/-3 and i+/4 samples. For any frequency domain data with an 
obvious 2H FT peak, normalized 2H FT peak intensities at 2H Larmor frequency are 
larger than 0.02.  
 
5.5.2 Side chain lengths of different amino acids have effects on ESEEM data.  
        Figure 5.12 shows side chains of 2H-labeled amino acids and the MTSL labeled 
Cysteine side chain (R1). As shown in Figure 5.12(A), MTSL labeled Cysteine side chain 
is long and flexible with three torsion angle rotations about χ1, χ2, χ3 and two additional 
free torsion angle rotations about χ4, χ5 (Beier and Steinhoff, 2006; Columbus and 
Hubbell, 2002; Columbus et al., 2001; Sezer et al., 2008a). The 2H-labeled amino acids 
used in this study have a varying number of deuterium atoms and degrees of freedom 
on the side chain torsion angle rotations. The favorable conformation of the side chain 
can be altered by the dynamics and the tertiary interactions with the environment. In 
general, as the side chain of 2H-labeled amino acids get longer, the number of 
deuterium atoms on the side chain increases. In addition, additional C-C bonds on 
longer side chain amino acids bring deuteron atoms closer to the N-O nitroxide bond. 
Thus, 2H-labeled amino acids with a longer side chain (such as d8 Phe and d10 Leu) 
have the ability to give deeper 2H modulation in ESEEM spectra when compared to 
shorter side chain amino acids (such as d3 Ala). However, more degrees of freedom on 
the side chain torsion angle rotations for longer side chain amino acids increases the 
number of different conformations that can be adopted (Batchelder et al., 1982; Mulder, 
2009). Thus, the ESEEM modulation depth of longer side chain amino acids has a 
larger variation when compared to short side chain amino acids, such as Ala 
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Figure 5.12: Side chains of MTSL labeled Cysteine and 2H-labeled d3 amino acids 
 
        Previously, we demonstrated that i+/-4 samples for 2H-labeled d10 Leu always have 
deeper 2H modulation when compared to the corresponding i+/-3 positions. ESEEM 
data from 2H-labeled d8 Phe showed the same pattern (Figure 5.9). Since a standard α-
helix has a 3.6 amino acid per turn regularity, the angle between the sidechain of the 
amino acid and the MTSL with respect to the helical axis was smaller in i+/-4 positions 
than i+/-3 positions (Columbus et al., 2001; Karpen et al., 1992; Liu et al., 2003). As the 
side chain gets longer, the distance between 2H atoms on 2H-labeled amino acids 
sidechain and the nitroxide spin label reflect this angle differences more significantly. 
However, this angular difference between i+/-4 and  i+/-3 samples cannot be resolved 
with short side chain amino acids from the ESEEM data. 
 
5.5.3 Kinked model of the AChR M2δ peptide.  
        Previously cyro-EM, computer simulation and MAS solid-state NMR studies 
suggested that there is a kink on the AChR M2δ peptide around the Leu11 position 
(Long et al., 2007; Tikhonov and Zhorov, 1998). In addition, we mapped out the AChR 
M2δ peptide with four Leu residues via this ESEEM approach. Our experimental results 
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are consistent with a kinked model of AChR near the Leu11 position. The variation of 
distances between 2H-labeled amino acid side chains and spin labels suggest that 
conformations of these amino acid side chains and peptide back bone adapted were 
consistent with this kinked α-helical model of M2δ in a lipid bilayer. Enhanced 2H FT 
peaks were observed for Leu10 on both sides, especially for the 2H-labeled d10 Leu10 
i+/-4 samples. Those results indicated the distance between side chains of Leu10 and 
side chain of residues at positions 6 or 14 are closer when compared to other i+/- 4 
samples. 
        In the current study, the ESEEM modulation depth was consistent with these 
results. The same enhanced 2H FT peak was observed for the same position as Ala6 
i+4 and Ala14 i-4 samples. These results are consistent with a kink-induced proximity 
around Leu11 position. In DMPC bilayer, the ESEEM data showed a closer distance 
between side chains of position 6 and 10 or position 10 and 14 which suggested amino 
acids reside in the inner circle of a kink. In addition, 2H modulation on the N-terminal 
side of Phe16 was much larger than the C-terminal side which is consistent with a kink 
induced burial of the charged residue (Long et al., 2007). The 2H signal on the N-
terminal side (-) of Phe16 was significantly larger than the C-terminal side (+). This 
suggests that the Phe16 side chain was closer towards amino acid side chains on the 
N-terminal side of the peptide. The thermodynamic cost of transferring polar or charged 
residue such as Gln13 into the hydrophobic core of the lipid bilayer is high (Bransburg-
Zabary et al., 2002). Former studies have shown that in a kinked model of AChR M2δ 
peptide, a long amino acid side chain such as Phe16 is more close and parallel to the 
sidechain of Gln13 (Kessel et al., 2003a).  As a result, the carbonyl group of the Gln13 
side chain was partial buried by the aromatic ring of the Phe16 side chain (Kessel et al., 
2003a; Kessel et al., 2003b). This kink-induced electrostatic burial of Gln13 is 
consistence with the ESEEM data from 2H-labeled d8 Phe16. However, the kinked 
model of AChR M2δ peptide could be highly lipid composition and liposome architecture 
dependent (Long et al., 2007; Opella et al., 1999). 
 
5.6 Conclusions: 
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        In conclusion, the current and previous results demonstrated a complete picture of 
utilizing ESEEM and SDSL to identify α-helical secondary structural components with 
several different commercially available 2H-labeled hydrophobic amino acids. This 
ESEEM approach identified different secondary structures through the patterns of 
distances between a 2H-labeled amino acid side chain to a nitroxide spin label placed in 
its vicinity (Liu et al., 2012; Mayo et al., 2011; Zhou et al., 2012). In general, 2H 
modulation can be observed for i+/-3 and i+/-4 positions for an α-helix, but not for i+/-1 
or i+/-2 positions. When utilizing different 2H-labeled amino acids with various side chain 
lengths and flexibilities, this pattern still applied while the absolute and relative ESEEM 
2H peak intensities varied. In addition, the signal intensities of different positions along 
the AChR M2δ peptide vary in a fashion which was consistent with a kinked model for 
the M2δ peptide. Moreover, the ESEEM 2H FT peak amplitude and intensity variation at 
i+/-3 and i+/-4 positions increased as the side chain length increased. In addition, longer 
side chain amino acids such as d8 Phe and d10 Leu showed more intense i+/-4 
2H peaks 
than the corresponding i+/-3 peaks. Further studies should be performed to investigate 
the ESEEM pattern with long side chain amino acids using different helical structures 
such as a π- or a 310-helices.  
        This ESEEM approach required a small amount of protein sample (40 μL with μmol 
concentration), a couple hours of data acquisition time and can be used to study 
systems with no size limitation (Liu et al., 2012; Mayo et al., 2011; Zhou et al., 2012). 
With those specific signal patterns established for α-helix with different amino acid 
probes, this approach now can be applied widely to biological systems with various 
amino acid compositions which are inherently difficult to study with traditional 
biophysical methods.   
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6.1 Abstract  
        A new method has been developed to determine α-helical and β-sheet secondary 
structural components of aqueous and membrane-bound proteins using pulsed electron 
paramagnetic resonance (EPR) spectroscopy. The three pulse electron spin echo 
envelope modulation (ESEEM) technique was used to detect weakly coupled 2H-labeled 
nuclei on side chains in the proximity of a strategically placed nitroxide spin-label up to 8 
Å away. Changes in the ESEEM spectra for different samples correlate directly to 
periodic structural differences between α-helical and β- sheet motifs. These distinct 
trends were demonstrated with α-helical (M2δ subunit of the acetylcholine receptor) and 
β-sheet (Ubiquitin) peptides in biologically relevant sample environments. 
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6.2 Introduction  
        Limited structural information exists for membrane proteins and thus it is essential 
for new biophysical techniques to be developed and refined. For the first time, a method 
for probing the secondary structure using Electron Spin Echo Envelope Modulation 
(ESEEM) spectroscopy has been applied to distinguish between α-helical and β-sheet 
peptides. Our previous work demonstrated the determination of an α-helical secondary 
structure using ESEEM spectra by detecting changes in dipolar couplings between a 
nitroxide spin label and nearby deuterated side chains of α-helical peptides(Mayo et al., 
2011). Application of this technique to β-sheet peptides provides complementary results 
which assist to establish ESEEM spectroscopy as a strong structural determination tool 
(Bordag and Keller, 2010; McLuskey et al., 2010). Structural information can be 
obtained using µmol concentrations of sample with short data acquisition times in 
membrane protein systems that often prove difficult to study using traditional structural 
techniques such as solution nuclear magnetic resonance (NMR) and X-ray 
Crystallography owing to size limitations (≤50kD), low-yield overexpression, and low 
quality crystals (Alexander et al., 2008; Bordag and Keller, 2010; Huang and Mohanty, 
2010). 
        Previously, the α-helical content of the M2δ subunit of the acetylcholine receptor 
was mapped using this ESEEM technique by fixing a 2H-labeled Val (d8) at position 15 
(i), and varying the (1-oxyl-2,2,5,5-tetramethyl-3-pyrroline-3-methyl) methanesulfonate 
(MTSL) spin label at 4 successive positions (i+1 through i+4) (Mayo et al., 2011). Three-
pulse ESEEM was performed in order to detect weakly coupled 2H atoms on the side 
chain within ~8 Å of the nitroxide spin label (Kim and McNamee, 1998; Milov et al., 
2009). The time domain ESEEM spectrum for a peptide construct displayed a distinct 
2H Larmor modulation pattern when the spin label was within the 8 Å detection limit. 
Given these 4 constructs, it was clear that the α-helical periodicity was best 
demonstrated between the i+2 and i+3 constructs, where 2H modulation was absent in 
the i+2 sample and present in the i+3 sample (Mayo et al., 2011). Through these 
results, the 3.6 residue/turn periodicity of the α-helix translated to spectroscopically 
discernible distance changes between the labeled sites of i+2 and i+3 constructs. This 
exact labeling paradigm can be applied to an ideal β-sheet peptide and probed via the 
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ESEEM technique to provide both novel and complementary results to the previous 
M2δ helix data. In addition, applying this technique to a water-soluble β-sheet peptide in 
contrast to the membrane bound M2δ helical peptide demonstrates the feasibility of this 
technique in aqueous environments as well as the membrane mimicking bicelle 
environment previously demonstrated. A solution-NMR characterized β-sheet peptide 
composed of the first 17 residues of Ubiquitin and the α-helical M2δ subunit of the 
acetylcholine receptor were used as ideal secondary structures for i+2 and i+3 labeling 
using a 2H-labeled d10 Leucine (Kim and McNamee, 1998; Zerella et al., 2000). 
2H-
labeled d10 Leu was placed at position 15 for the M2δ peptide and position 17 for the 
Ubiquitin peptide. A nitroxide spin label (MTSL) was placed 2 or 3 residues away 
(denoted i+2 and i+3) via site-directed spin labeling (Inbaraj et al., 2006; Kim and 
McNamee, 1998; Zerella et al., 2000). CD spectroscopy, molecular modeling, and 
dynamics studies were also performed on all M2δ and Ubiquitin peptide samples to 
ensure ideal holistic sample integrity and to estimate distances between the spin label 
and 2H nuclei on the Leucine side chain. 
 
6.3 Material and Methods 
        Both M2δ and Ubiquitin peptide constructs were synthesized on a CEM microwave 
assisted peptide synthesizer using Fmoc protection chemistry (Oblatt-Montal et al., 
1993). A solution of deuterated d10 Leu (Isotec) dissolved in N-Methyl-2-pyrrolidone was 
used as the deuterated residue substitution. The peptides were cleaved from their resin 
support and purified via high performance liquid chromatography (HPLC) as previously 
described (Inbaraj et al., 2006). The purified peptides were subsequently labeled with S-
(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate (MTSL) 
spin label at 10x molar excess in 500 μL dimethyl sulfoxide (DMSO). Reaction products 
were repurified using HPLC as described. The peptides were confirmed to be over 95% 
pure by MALDI-TOF mass spectrometry. M2δ peptides were incorporated into 
dimyristoylphosphatidylcholine ( DMPC) /dihexanoylphosphatidylcholine (DHPC) (3.5/1) 
lipid bicelles at a 500:1 lipid:protein ratio. The Ubiquitin peptide was dissolved in an 
aqueous buffer using a standard protocol (Zerella et al., 2000). 
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        Three-pulse ESEEM measurements were performed on a Bruker ELEXSYS E580 
spectrometer equipped with an MS3 split ring resonator. The measurements were 
conducted at 80K at a microwave frequency of 9.269 GHz with 16 ns π/2 pulse widths. 
A starting T of 368 ns and 512 points in 12 ns increments were used for all samples. A τ 
value of 200 ns was chosen to suppress proton modulation. Sample volumes were 
approximately 40 μL. M2δ bicelles and aqueous Ubiquitin peptide samples were 
analyzed using a Jasco J-810 spectropolarimeter over a wavelength range of 190–250 
nm. Concentrations range from 0.01–0.1 mg/mL protein. 
        Molecular modeling and molecular dynamics studies for each sample were 
performed using nanoscale molecular dynamics (NAMD) with the molecular graphics 
software VMD in the similar way reported in the literature (Humphrey et al., 1996; Mayo 
et al., 2011; Phillips et al., 2005). The structures of the AChR M2δ peptide and Ubiquitin 
peptide were obtained from the Protein Data Bank (PDB entry: 1EQ8 for M2δ peptide 
and 1EOQ for Ubiquitin peptide). Cysteine mutants were created at the i+2 and i+3 
positions using VMD. The MTSL nitroxide spin probe was attached by using CHARMM 
force-field topology files incorporated in NAMD. Molecular dynamic simulations were 
collected out to 1 ns at room temperature using Langevin dynamics under NAMD. This 
timescale corresponds to the MTSL and Leu side chain dynamics. The trajectory data 
were recorded in 1 ps increments. The possible distance distribution for each deuterium 
and SL was obtained from the analysis of the data in VMD. 
 
6.4 Results and Discussion  
        The CD spectrum of i+3 Ubiquitin construct in Figure 2.1 shows a large and broad 
negative band centered at 218 nm indicating β-sheet secondary structure. The M2δ CD 
spectrum indicates α-helical secondary structure through the two negative bands at 
222nm and 208nm. 
        Figure 2.5 shows three-pulse ESEEM data for i+2 and i+3 for both M2δ and 
Ubiquitin peptide constructs. In Figure 2.5(A), the presence of 2H modulation and a 
corresponding FT peak at the 2H Larmor frequency in the i+2 Ubiquitin spectrum 
indicates weak dipolar coupling between deuterium nuclei and the spin label; thus, 
indicating that the distance between the 2H nuclei on Leu and the spin labels must be 
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less than the ~8 Å detection limit. The absence of 2H modulation in the i+3 Ubiquitin 
sample implies that the 2H-SL distances are greater than 8 Å. The ESEEM results 
indicated that for ideal β-sheet secondary structure peptides, the radial distance 
between the d10 Leu side chain and nitroxide spin label surpasses the 8 A detection limit 
as we shift from i+2 to i+3 and for the first time, this shift in distance is detectable on β-
sheets with ESEEM spectroscopy. This distance shift is caused by the MTSL and the 
d10 Leu side chain pointing towards the same side of the β-sheet in i+2 constructs to 
opposing sides in i+3 constructs. This shift is visualized by the illustrations embedded in 
Figure 2.5(A). Figure 2.5(B) shows the ESEEM data for the M2δ peptide. Conversely, 
the M2δ i+2 spectrum did not reveal any 2H modulation, whereas the M2δ i+3 spectrum 
does. For M2δ, the radial distance between the d10 Leu side chain and nitroxide spin 
label diminishes into the 8 Å limit when shifting from i+2 to i+3. Visually, the MTSL and 
d10 Leu side chain point towards opposite sides of the helix in i+2 constructs and wrap 
around to point towards the same side of the helix in i+3 constructs similar to the 
illustrations in Figure 2.5(B). The complementary results of i+2/i+3 spectra for α-helices 
and β-sheets attained through this novel ESEEM approach establish a simple 
qualitative method for determining site-specific secondary structure of any given protein 
system. 
        To support the data, molecular modeling and molecular dynamics studies were 
conducted to estimate distances between the 2H nuclei on the Leu d10 side chain and 
the N-O bond on the SL for i+2 and i+3 samples of both peptides. 2H-SL distances (9–
15 Å) for i+3 Ubiquitin and (11–17 Å) for the i+2 M2δ sample were found to be outside 
the ESEEM detection range of 8 Å. Conversely, 2H-SL distances for the (5–10 Å) for the 
i+2 Ubiquitin sample and (4–10 Å) for the i+3 M2δ sample were found to be within the 
ESEEM detection range though with differing distance distributions. 
        This novel biophysical technique for secondary structure determination is 
analogous to solid-state NMR techniques such as rotational echo double resonance 
(REDOR), which measures dipolar couplings between NMR active nuclei (Chu et al., 
2010; Howell et al., 2005; Liu et al., 2007). These measurements are coupled with 
spectral simulations to gain information about protein structure. However, poor signal-
to-noise requires that these experiments be performed with mg amounts of isotopically 
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labeled protein and long data acquisition times that can take weeks to collect. In 
comparison, this ESEEM approach requires μg amounts of protein sample and high-
quality spectra of specific targeted sites were attained within minutes. This technique 
also opens up the possibility of gleaning quantitative distance information in addition to 
the qualitative data described in this study. For instance, an amino acid side chain with 
fewer 2H labeled nuclei could afford the possibility of determining the distance between 
the nuclei and the MTSL label based on the r−6 dependence on the modulation depth. 
Difficulties can occur when dealing with MTSL dynamics and multiple side-chain 
conformations of Leu. From the literature, both MTSL and Leu side chain have multiple 
torsional angle rotations in their structures (Batchelder et al., 1982; Beier and Steinhoff, 
2006). Due to these rotational freedoms, the experiments performed at 80 K capture 
MTSL and Leu in a variety of conformations resulting in a broadening of distance 
distributions between MTSL and deuterons (Batchelder et al., 1982; Fanucci and 
Cafiso, 2006; Mchaourab et al., 1996). NMR or X-ray crystallography can provide higher 
resolution structural data when compared with this technique, but with more time and 
effort and still not optimal for membrane proteins. However, this ESEEM technique 
provides qualitative and site-specific secondary structure information to be gathered 
without the requirement for high concentration samples or crystallization and in a much 
shorter time. Other EPR-based techniques such as the nitroxide scanning and power 
saturation EPR can probe secondary structure through analysis of data from multiple 
constructs. However, this ESEEM approach only requires 2 constructs to establish 
secondary structure and directly probes distances between the residues that conform to 
a given structure. 
The results presented in this work clearly demonstrate that α-helices and β-sheets can 
be spectroscopically discerned through their distinct i+2 and i+3 ESEEM spectra in both 
membrane mimicking and aqueous systems. This approach can also be applied to 
larger protein systems by over expression in an appropriate eukaryotic or prokaryotic 
protein expression system using a minimal growth medium supplemented with a 2H-
labeled amino acid such as Leu. This technique would result in all Leu residues in the 
protein being deuterated. Secondary structural components would be identified with 
ESEEM data in a similar fashion as outlined in this work at the i+2 or i+3 positions. 
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However, the spin label would need to be strategically placed to avoid areas with 
multiple Leu residues. This approach allows the secondary structure in a particular 
region of a much larger protein to be probed using this ESEEM method. Combined with 
an appropriate native deuterated probe and a strategically placed MTSL, this ESEEM 
approach can detect short-range distances (<8 Å) between specific sites on large 
membrane protein complexes, determine the secondary structure of different protein 
segments, and investigate protein-protein interactions. 
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7.1 Abstract: 
Previously, an ESEEM spectroscopy approach was established to probe the local 
secondary structure of membrane proteins and peptides utilizing site-directed spin-
labeling (SDSL). In this method, the sidechain of one amino acid residue is selectively 
2H labeled and a nitroxide spin label is strategically placed in 1, 2, 3 or 4 amino acids 
away from the the 2H-labeled amino acid (denoted as i+/-1 to i+/-4, i stands for 2H-
labeled amino acid). ESEEM can detect the dipolar couple between the nitroxide spin 
label and 2H atoms on the amino acid side chain. Due to the periodicity of different 
secondary structures, different ESEEM patterns can be revealed to provide. For an α-
helical structural component, ESEEM signal can be detected for i+/-3 and i+/-4 samples 
but not for i+/-1 or i+/-2 samples. Several 2H-labeled hydrophobic amino acids have 
been demonstrated in model system that can be utilized to identify local secondary 
structures via this ESEEM approach in an extremely efficient fashion. In this study, the 
ESEEM approach was used to investigate the rod 2B region of the full-length 
intermediate filament protein human vimentin. Consistent with previous EPR and x-ray 
crystallography results, our ESEEM results indicated helical structural components 
within this region. Thus, this ESEEM approach is able to identify α-helical structural 
components despite the coiled-coil nature of the vimentin structure. The data show that 
human vimentin rod 2B adapted a typical α-helical structure around residue Leu309. 
This result was consistent with the X-ray data from fragmented protein segments and 
continuous wave EPR data with full length vimentin. Unexpectedly, the ESEEM data 
suggested that a local secondary structure slightly different from a typical α-helix was 
adopted  around residue 340. 
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7.2 Introduction: 
        The cytoskeleton system is an integrated network responsible for the mechanical 
integrity, mobility and plasticity of the cell (Block et al., 2015; Kreplak and Fudge, 2007; 
Köster et al., 2015). The intermediate filament (IF) protein family, as one of key 
components for the cytoskeleton network, consists of more than 60 members (Cho, 
2015; Lowery et al., 2015; Peter and Stick, 2015). There has been a growing number of 
mutations in IF proteins which have been associated with severe muscular, neuronal 
and skin diseases (Omary, 2009). A better understanding of IF protein structures can 
provide mechanistic insights on their assembly and function. 
 
Figure 7.1: Carton representation of predicted vimentin structure. The central rod 
domain emphasized. α-helical rod subdomains 1A, 1B, 2A, and 2B are shown as 
shaded boxes. Hypothesized non-helical linker regions L1, L12, and L2 are drawn as 
thin lines. The region of rod subdomain 2B subject to study is expanded, and the 
sequence of this region is shown in single-letter amino acid abbreviations. Leu residues 
at positions 309, 340 are highlighted in bold red. 
 
        All IF proteins are composed of a highly conserved helical central rod domain, 
which is flanked by an N-terminal head domain and a C-terminal tail domain as 
illustrated in Figure 7.1 (Chernyatina et al., 2012; Köster et al., 2015). The central 
domain was originally predicted to be composed of 4 coiled-coil domains separated by 
short non-coiled-coil regions (Conway and Parry, 1990). However, recent EPR and x-
ray crystallography (XRC) data reveal that rod domain 2A and linker 2 form a parallel 
helical structure that transitions into a canonical coiled-coil structure around residues 
300
EAANR NNDAL RQAKQ ESTEY RRQVQ SLTCE VDALK GTNES LERQM REMEE- 350  
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302-305 (Chernyatina et al., 2012; Hess et al., 2006; Nicolet et al., 2010). Results from 
previous EPR and XRC studies on rod domains 1B and 2B agree very well with the 
results of XRC experiments (Aziz et al., 2012; Hess et al., 2006; Hess et al., 2004; Hess 
et al., 2002a; Hess et al., 2002b; Nicolet et al., 2010; Strelkov et al., 2001; Strelkov et 
al., 2002). The only significant difference lies in the non-physiological arrangement of 
three coiled coil domains in the crystal structure (PDB ID: 1GK4) (Strelkov et al., 2002). 
        Due to their fibrous nature and self assembling ability, no X-ray structure for full-
length IF proteins have been obtained. However, peptide sequences derived from 
human vimentin have been expressed, crystallized, and solved by XRC (Strelkov et al., 
2001). This approach utilized fragments of the IF proteins with a length of 60 to 100 
amino acids which sometimes contained mutations to stabilize the fragment. In addition, 
structure, interaction and topology of full length IF proteins also have been studied with 
site-direct spin-labeling (SDSL) EPR and other biophysical techniques (Aziz et al., 2009; 
Aziz et al., 2012; Hess et al., 2013; Hess et al., 2006). 
        A novel ESEEM approach has been established and developed by Lorigan and 
cowrkers to probe local secondary structural of those protein systems intrinsically 
difficult to study (Liu et al., 2012; Mayo et al., 2011; Zhou et al., 2012). ESEEM can 
detect the weak dipolar coupling between the 2H and a spin label up to 8 Å. The 
structural periodicity of different secondary structural components can be revealed by 
this ESEEM approach. In order to investigate the secondary structure of a protein 
segment, one amino acid (such as 2H-labeled Leu) is selectively 2H-labeled on the 
sidechain. One amino acid residue in the vicinity of the 2H-labeled Leu (1, 2, 3 or 4 
amino acids away) was mutated into cysteine for spin label attachment. When the spin 
label and 2H-labeled Leu are one or two amino acids away, sidechains of the spin label 
and the 2H-labeled Leu point to opposite sides of the helix. Thus, the distance between 
sidechains of the spin label and the 2H-labeled Leu are larger than 8 Å for i+1 or i+2 
samples. However, when the spin label and 2H-labeled Leu are three or four amino 
acids away, sidechains are located on the same side of the helix and point to the same 
direction. As a result, ESEEM deuterium modulation can be observed for i+3 and i+4 
samples, but not for i+1 or i+2 for a typical α-helical structural component (Liu et al., 
2012; Mayo et al., 2011).  
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        In this study, we applied this ESEEM local secondary structure approach to the full 
length human vimentin protein (Figure 7.1). Experimental results demonstrated the 
ability of this ESEEM secondary structure approach on a biological system which is 
inherently difficult to study via X-ray or NMR at lower concentrations. In addition, 
ESEEM patterns obtained on the Human vimentin rod 2B1 segment indicate this region 
adopted a typical α-helical structure. This result is consistent with X-ray data from 
fragmented IF proteins around the same region (Chernyatina et al., 2012; Chernyatina 
and Strelkov, 2012). However, a closer look at the ESEEM results showed that the 
secondary structure of the segment on human vimentin rod 2B1 around residue 340 
deviates from a typical α-helix. When compared to the ESEEM data obtain from the 
model system, the i+4 sample of 2H-labeled Leu340 has a deuterium ESEEM FT 
intensity smaller than the corresponding i+3 sample. 
 
7.3 Experimental Methods: 
        The full-length human vimentin protein was produced by bacterial expression using 
pT7 vectors according to previously described procedures (Aziz et al., 2009; Hess et al., 
2013; Hess et al., 2004). Site-directed mutagenesis used to generate site-directed spin-
labeling (MTSL) Cys substitution mutants was carried out using the iProof polymerase 
and mutagenic oligonucleotide primers following Quikchange protocols (Bio-Rad, 
Hercules, CA). In brief, recombinant protein was produced as follows: the plasmid 
containing the human vimentin site-directed mutant was transformed into E. coli BL21AI 
(Invitrogen, Carlsbad, CA). A single colony was inoculated into 5 mL of minimal media 
containing 100 μg/mL ampicillin and grown for approximately 8 hours (MDG Studier 
2005).  This starter culture was refrigerated overnight and then used to inoculate 250 
mL of MGD-amp.  When the OD600 reached 0.8, 0.25 g of arabinose was added to 
induce expression of vimentin.  Thirty minutes later, 2.5 mL of an amino acid 
supplement solution was added (23 mg Valine, 18 mg Alanine, 26 mg Isoleucine and 26 
mg of d10 Leucine in 10 mL as stock solution). Cultures were grown for 4 hours and then 
harvested by centrifugation at 4000 rpm in 250 mL bottles in a Sorvall RC3B centrifuge 
with a Sorvall HS-4 rotor. Cell pellets were frozen at -20°C and processed the next day 
(Hess et al., 2002b). With this labeling procedure, all human vimentin Leu residues were 
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2H-labeled. Screening of the amino acid sequence of human vimentin revealed that 
Leucine 309 and 340 were suitable for ESEEM methods as they were sufficiently far 
apart from other leucine. For Leu 309, Cys mutations were made independently at 
positions 307, 306, 305 (denoted i-2, i-3, and i-4, respectively) and 311, 312, 313 
(denoted i+2, i+3, and i+4, respectively), which were independently and separately spin-
labeled with MTSL (Toronto Research Chemical). For Leu 340, Cys mutations were 
made independently at positions 342, 343, 344 (denoted i+2, i+3, and i+4, respectively), 
which were then spin-labeled with MTSL. Special attention was paid to amino acids 
within 5 residues in either direction of the probed region to ensure that only one Leu 
was present in order to avoid false positives due to other 2H-labeled Leu residues 
interfering with the spin label. In order to avoid the interference from other Leu residues, 
only the C-terminal side of Leu 340 was probed. Fully engineered ESEEM mutants 
around probed regions are listed in Table 7.1. The targeted 2H-labeled Leu is shown as 
L, and the MTSL spin-labeled cysteine is shown as C. 
Table 7.1: Protein sequences of wild type and ESEEM experimental constructs of 
human vimentin around sites of interests. 
 Leu309 N-terminal (-) Leu309 C-terminal (+) Leu340 C-terminal (+) 
Wild type RNNDALRQAKQE RNNDALRQAKQE KGTNESLERQMR 
i2 RNNCALRQAKQE RNNDALRCAKQE KGTNESLECQMR 
i3 RNCDALRQAKQE RNNDALRQCKQE KGTNESLERCMR 
i4 RCNDALRQAKQE RNNDALRQACQE KGTNESLERQCR 
 
        Inclusion bodies were purified using lysozyme/DNase, and sequential high/low salt 
washes. Isolated inclusion bodies were dissolved in 8M urea buffers and further purified 
by gel filtration and ion-exchange chromatography, using a GE Healthcare AKTA FPLC 
system (GE Healthcare, Piscataway, NJ). Purified proteins were incubated in 100 μ 
TCEP (tris-(2-carboxyethyl) phosphine, hydrochloride (Molecular Probes, Eugene, OR) 
to reduce sulfhydryls, followed by spin labeling with 500 μM (1-oxyl-2,2,5,5-tetramethyl-
Δ3-pyrroline-3-methyl) methanethiosulfonate-d15 (MTSL-d15, Toronto Research 
Chemicals, Toronto Canada). The spin-labeled protein was separated from 
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unincorporated label by chromatography over a resource S column. All purified proteins 
were stored at −80 °C.  
        Three-pulse ESEEM measurements were performed on a Bruker ELEXSYS E580 
with an ER 4118X MS3 resonator using a 200 ns tau value with a microwave frequency 
of ~9.269 GHz (X-band) at 80 K. For all samples, a starting T of 386 ns and 512 points 
in 12 ns increments were used to collect the spectra (Liu et al., 2012; Mayo et al., 2011; 
Zhou et al., 2012). 
        The original ESEEM time domain data were fit to a two component exponential 
decay. The maximum value of the exponential fit was scaled to 1 and the same factor 
was applied to the time domain data. The exponential fit was then subtracted from the 
time domain data and yielded a scaled ESEEM spectrum with modulation about zero 
(Liu et al., 2012; Mayo et al., 2011; Zhou et al., 2012). A cross-term averaged Fourier 
transformation (FT) was performed to the resulting spectrum to generate the 
corresponding frequency domain with minimized dead time artifacts. The maximum 
intensity of the deuterium peak at 2.3 MHz was measured in an arbitrary unit and peak 
intensity was recorded for further analysis. 
 
7.4 Results and Discussion: 
        Since this ESEEM approach was applied for the full-length human vimentin protein 
for the first time, a previously characterized region was chosen for this study 
(Chernyatina and Strelkov, 2012; Hess et al., 2002b; Nicolet et al., 2010). SDSL-EPR 
data identified coiled-coil structure within the region 305-336 (Hess et al., 2002b) and X-
ray crystallography on the rod 2B fragment showed that this region adopts an α-helical  
coiled-coil structure (Chernyatina et al., 2012; Chernyatina and Strelkov, 2012). 
Therefore, Leu residues (Leu309 and Leu340) in rod 2B region were chosen for this 
study. Since all Leu residues were 2H-labeled in this protein, other Leu residues within 5 
amino acid range of the spin label could give false positive ESEEM results. Thus, 
sequences around those two positions were examined so that no extra Leu within 5 
amino acids residues range from the Leu residue of interests (sequences shown in 
Figure 7.1). 
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Figure 7.2: Three-pulse ESEEM experimental data of human vimentin with 2H-labeled 
d10 Leu309: (A) the N-terminal (-) and (B) the C-terminal (+) side  
 
        Figure 7.2 shows ESEEM secondary structural data for the rod 2B region of human 
vimentin around residue 309 utilizing the 2H-labeled d10 Leu as the 
2H-labeled probe. 
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ESEEM time and frequency domain data for the 2H-labeled d10 Leu309 on both the N-
terminal side (-) and the C-terminal side (+) are shown in Figure 7.2. 2H modulation is 
clearly observed in the time domain data of the i+/-3 and i+/-4 samples. 
Correspondingly, a peak centered at the 2H Larmor frequency can be observed in the 
frequency domain data for both samples. 2H modulation was observed near or slightly 
above the noise level for the i+/-2 samples when compared to i+/-3 and i+/-4 samples. 
Small 2H peaks from i+/-2 samples could be due to scrambling during the oxexpression 
process or a small amount of heterogeneity in protein folding. This pattern was 
consistent with the previously established ESEEM signature of an α-typical helical 
structure (Liu et al., 2012; Mayo et al., 2011). In addition, the i+/-4 vimentin samples 
showed deeper 2H modulation depth when compared to the corresponding i+/-3 sample 
for both the N-terminal and the C-terminal side of the Leu309 position. It had been 
demonstrated extensively that 2H-labeled probes with long sidechains showed a i+/-4 
peak at least 2 fold larger when compared to the corresponding i+/-3 for a typical α-
helical structure. Thus, ESEEM results from Leu309 residue showed the local 
secondary structure is consistent with an α-helix. 
 
Figure 7.3: Three-pulse ESEEM experimental data of human vimentin with 2H-labeled 
d10 Leu340 on the C-terminal (+) side 
 
 
124 
 
 
 
        Figure 7.3 shows the ESEEM time domain and frequency domain data of the 2H-
labeled d10 Leu340 residue on the C-terminal side (+) at human vimentin in the rod 2B1 
region. To avoid the interference from other Leu residues in its vicinity, only the C-
terminal side was probed with this ESEEM approach. It showed a similar α-helical 
pattern that 2H modulation is observed for i+3 and i+4 samples, but not the i+2 sample. 
However, 2H modulation of the i+4 sample was smaller than the corresponding i+3 
sample. 
 
Figure 7.4: Normalized frequency domain intensity on i+/-3 and i+/-4 samples from 
ESEEM data for all three sets of data. 
 
        Normalized 2H ESEEM FT peak intensities of i+/-3 and i+/4 samples for three sets 
of ESEEM data were compared in Figure 7.4. In Figure 7.4, frequency domain 2H 
ESEEM FT peak intensities of i+/-3 and i+/-4 samples were graphed in a bar chart. 
Despite the variation on 2H ESEEM FT peak intensities; it can be observed clearly that 
the relationship between the i+3 and the i+4 sample at Leu340 position was different 
from other data set as well as previous experimental results. In Figure 7.5, 2H ESEEM 
FT peak intensities of i+/-4 samples were plotted against the corresponding i+/-3 
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samples. Also, previous α-helical ESEEM data of 2H-labeled d10Leu obtained from a 
model α-helix AChR M2δ peptide were compared to the 2H-labeled d10 Leu309 and 
Leu340 data of human vimentin. The red line in Figure 7.5 represents an equal 2H FT 
peak intensities at i+/-4 and i+/-3 positions, whereas the blue line is indicative of the i+/-
4 peak being twice as large as the corresponding i+/-3 peak. It can be observed clearly 
that all the previous 2H-labeled d10 Leu data as long as Leu309 data are all located near 
or to the up-right of the blue line. However, Leu340 data on the C-terminal side 
(Leu340+) is the only one fall in the right lower side of the red line.  
Figure 7.5 Frequency domain 2H ESEEM FT peak intensity comparison between i+/-4 
positions to i+/-3 positions for 2H-labeled d10Leu.Green dots represent the 
2H-labeled 
d10Leu ESEEM data obtained from a model α-helical peptide AChR M2δ. Black dots 
represent the vimentin ESEEM data. Red line represents the i+/-4 and the i+/-3 sample 
has equal ESEEM 2H FT peak intensities. Blue line represents ESEEM 2H FT peak 
intensities of i+/-4 equal twice of ESEEM 2H FT peak intensities of i+/-3. 
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        Previous X-ray crystal structure of fragmented human vimentin showed that the rod 
2 region downstream of residue 302 is a regular left-handed heptad-based coiled coil 
with the exception of a local stutter near residue 351 (Strelkov et al, 2002). The ESEEM 
data on the full-length human vimentin protein d10 labeled at Leu309 conclusively 
showed an α-helical structural component from 305 to 312. These results are consistent 
with the continuous wave SDSL-EPR data in this coiled-coil region (Hess et al., 2002b). 
In contrast, the ESEEM pattern for the region around the Leu340 deviated slightly from 
a typical α-helical structure. ESEEM 2H modulation depth and FT peak intensity are 
strongly correlated to the distance between the spin label and 2H atoms on the Leu 
sidechain. Thus, the observed 2H modulation depth can vary depending upon different 
conformations of the spin label and Leu sidechain might adapt due to sidechain 
dynamic and tertiary interactions. The Leu sidechain has two torsion angle rotations 
about χ1 and χ2 and two free rotation modes about the Cγ and Cδ bonds, which 
correspond to two (CD3) methyl groups (Batchelder et al., 1982; Mulder, 2009; Wand, 
2001). In the case of the MTSL spin label, there are three torsion angle rotations about 
χ1, χ2 and χ3 and two additional free torsion angle rotations about χ4 and χ5 (Beier and 
Steinhoff, 2006; Columbus and Hubbell, 2002; Sezer et al., 2008a, b, c). All of these 
factors play a role in the 2H modulation depth and can alter the corresponding FT 
intensity. However, previous ESEEM data obtained from the AChR M2δ model peptide 
with 2H-labeled long sidechain amino acids (d10 Leu) showed that i+/-4 samples 
consistently have a much larger 2H FT peak compared to the corresponding i+/-3 
sample. Thus, the ESEEM data deviation at Leu340 position could be caused by 
significant interaction between the sidechain and its environment due to the coiled-coil 
structure. Previous XRC experiments on three fragments of human vimentin protein 
328-411 region only reveal one coiled-coil structure within the region 328-340 (PDB ID: 
1GK4) and leave other two structures unresolved (Strelkov et al., 2002). In contrast, 
using full length human vimentin, SDSL-EPR data from positions 316-336 reveal a 
strong coiled-coil pattern (Hess et al., 2002b). 
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7.5 Conclusions: 
        In conclusion, this work demonstrates the ability of ESEEM and SDSL to identify 
local α-helical secondary structure in the full-length IF protein human vimentin. This 
ESEEM approach required a small amount of sample, a short data acquisition time and 
a minimum amount of data analysis (Liu et al., 2012; Mayo et al., 2011; Zhou et al., 
2012). With selective isotopic-labeling in expression system, this approach now can be 
applied widely to various biological systems, especially those inherently difficult to study 
with traditional biophysical methods (Tong et al., 2012).  Also, further studies can be 
designed and conducted to access α-helices to β-strands transitions of the intermediate 
filaments link regions during the assembly process.   
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8.1. General Conclusions  
        Membrane protein structures are as fascinating as they are challenging to 
characterize (Bahar et al., 2010; Baker, 2010a; Kang et al., 2013). EPR spectroscopy is 
advantageous for investigating these protein systems that are inherently difficult to 
study (Hirst et al., 2011; Klare and Steinhoff, 2009; Klug and Feix, 2008). In this work, a 
novel ESEEM local secondary structural approach was established in synthetic model 
membrane peptides system and applied to full-length proteins produced by expression 
system (Liu et al., 2012; Zhou et al., 2012). This efficient ESEEM spectroscopic 
technique does not provide the same high-resolution structural information obtained 
from NMR spectroscopy or X-ray crystallography, but does provide very important 
qualitative local secondary structural information for membrane proteins or other 
biological systems where those traditional biophysical techniques are not applicable (Liu 
et al., 2012; Mayo et al., 2011; Zhou et al., 2012). This pulsed EPR ESEEM secondary 
structure approach is advantageous because it has no protein or protein-complex size 
limitation and is very sensitive when compared to NMR spectroscopy. Generally, each 
set of ESEEM experiments requires small amounts labeled protein sample with low 
concentration (~25 µL and ~100 µmolar).  Also, the ESEEM data acquisition time is 
fairly short when compared to NMR and only takes about an hour. In addition, this 
approach can provide direct local secondary structural information qualitatively without 
complicated data analysis.  
        In Chapter 2, we discuss the motivation of developing this novel approach to study 
secondary structures of membrane proteins and peptides. In addition, basic ESEEM 
principles, detailed sample preparation strategies and the experimental set-up are 
described. The ability of this approach to identify local secondary structure of membrane 
proteins and peptides with unprecedented efficiency is demonstrated in model systems. 
This Chapter was written for a section in the book series Methods in Enzymology to 
share this ESEEM approach to the molecular biology and structural biology community 
(Liu et al., 2015).   
        In Chapters 3-5, a library of ESEEM data was collected to build a reference for the 
future application of this approach for various biological systems (Liu et al., 2012). 
Those results indicated that despite the relative intensity and signal-to-noise level, all 
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amino acids share a similar ESEEM modulation pattern for α-helical structures. Thus, all 
commercially available 2H-labeled hydrophobic amino acids can be utilized as probes 
for the further application of this ESEEM approach. In addition, the signal intensities 
increased as the side chain length got longer or less rigid. Moreover, longer side chain 
amino acids had a larger 2H peak centered at the 2H Larmor frequency for the i+/-4 
sample when compared to the corresponding i+/-3 sample. For shorter side chain amino 
acids, the 2H ESEEM FT peak intensity ratio between i+/-4 and i+/-3 were not well-
defined.  
        In Chapter 6, this ESEEM approach was applied to a water-soluble β-sheet peptide 
in contrast to the membrane bound M2δ helical peptide and demonstrates the feasibility 
of this technique in aqueous environments as well as the membrane mimicking bicelle 
environment. A peptide composed of the first 17 residues of Ubiquitin was used as a β-
sheet model (Zhou et al., 2012). The results presented in this work clearly demonstrate 
that α-helices and β-sheets can be spectroscopically discerned through their distinct i+2 
and i+3 ESEEM spectra in both membrane mimicking and aqueous systems.  
        This approach can also be applied to larger full-length protein produced by a 
prokaryotic protein expression system using a minimal growth medium supplemented 
with a 2H-labeled amino acid such as Leu. In Chapter 7, the ESEEM approach was 
used to investigate the rod 2B region of a full-length intermediate filament protein 
Human vimentin. Those ESEEM results indicated helical structures in those regions. 
Human vimentin rod 2B1 around the residue Leu309 adapted a typical α-helical 
structure. This result was consistent with the X-ray data from fragmented protein 
segments. However, ESEEM results revealed a slightly different pattern around residue 
340, which deviated from a typical α-helix on the Human vimentin rod 2B1. 
        For the first time, ESEEM was used as to probe qualitative secondary structural 
information of membrane proteins and peptides in its native mimetic environments. In 
addition, this method demonstrated significant potential to probe structural transition 
and measure quantitative short range distance. When applied this method to 
overexpressed proteins, however, a close attention should be paid to the expression 
condition to prevent the scrambling events from happening. Also, the spin-labeling site 
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need to be selected carefully to avoid signal interference from additional 2H-labeled 
residues and tertiary interactions. 
 
8.2 Future Directions 
 
8.2.1 Utilizing ESEEM to Identify Other Local Secondary Structure 
        Different 2H-labeled amino acids should be examined in model systems with 
different helical structure, β-strand and loops to build up a reference for further 
applications. 
        These studies showed that ESEEM data from four different samples have a 
distinguishing pattern for an α-helical secondary structure with 2H-labeled long side 
chain amino acids. The i+/-4 positions have much larger 2H FT peaks, when compared 
to the corresponding i+/-3 positions. With this unique pattern of 2H-labeled d10 Leu, this 
new approach could potentially identify less abundant helical structures such as a 310-
helix or a π-helix. In the case of the 310-helix, the i+/-3 position should have a larger 
2H 
FT peak than the corresponding i+/-4 position due to the 3.1 amino acid per turn 
regularity while i+/-1 and i+/-2 position should not show any 2H modulation (Armen et 
al., 2003; Karpen et al., 1992). As for the π-helix, it has 4.1 amino acids per turn (Armen 
et al., 2003; Fodje and Al-Karadaghi, 2002; Isas et al., 2002; Pauling et al., 1951). Thus, 
the i+/-3 and the i+/-1 should have similar 2H modulation depth, while the i+/-2 would not 
show any modulation as normal helical structure. Also, the i+/-4 position should have 
the largest 2H peak when compared to the corresponding i+/-1 and i+/-3 positions. 
Further studies should be performed to test those hypotheses. In addition, different 2H-
labeled amino acids should be tested and generate ESEEM patterns for other 
secondary structure such as β-strand and random coil.  
 
8.2.2 Quantitative ESEEM Distance Measurement  
        Extensive work has been done to establish this powerful ESEEM local secondary 
structure approach. However, this approach is very qualitative so far due to the flexibility 
of spin label and multiple 2H atoms. In order to obtain quantitative distances via this 
ESEEM approach, rigid spin labels, such as TOAC, need to be utilized (Inbaraj et al., 
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2006; Milov et al., 2009; Sahu et al., 2014a). The limited motion of these labels is ideal 
for distance measurements because the slow dynamics lead to only small changes in 
distance distribution. In addition, 2H-labeled amino acids, such as d3 Ala with a lower 
number of 2H atoms would provide more quantitative distance information.   
        TOAC and d3 Ala both have very rigid side chain and limited motion. Thus, a 
narrow distance distribution can be simulated from the ESEEM time domain spectra. 
Since TOAC and d3 Ala have comparable side chain length, a signal intensity boost 
should be expected. Therefore, quantitative distance library for different secondary 
structures can be obtained.    
 
8.2.3 Probing Secondary Structure Transition of Membrane Proteins and Peptides 
        Further studies can be designed and conducted to access structural transition 
between different conformations, such as α-helices to β-strands, during a variety of 
processes. A very good starting point would be examining the transition of model 
peptides which adapt different structures or conformations in different environments 
(different lipid compositions, different buffer conditions). Once a solid methodology and 
reference ESEEM data are established, it can be applied to probing the conformation 
transition during biological processes, such as intermediate filament proteins assembly. 
 
8.3 Final Remarks 
Studying full-length membrane proteins in its native or native mimetic environment are 
crucial for obtaining biologically relevant information (Congreve and Marshall, 2010; 
Conn et al., 2007; Cowieson et al., 2008). EPR spectroscopy is a highly sensitive 
biophysical technique to study membrane proteins and peptides with low concentrations. 
Combined with site-directed spin-labeling, it can probe structure, dynamics and topology 
information of membrane proteins with no size limitation in a variety of liposome 
structures. It is an extremely suitable technique for membrane protein studies. 
Development and application of novel EPR methods and approaches could provide 
valuable information about membrane protein systems otherwise difficult to access. 
Here, we extensively explored this ESEEM approach to identify secondary structures of 
membrane proteins and peptides. We believe the structural biology community can 
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greatly benefit from this novel approach which is highly sensitive, efficient and 
straightforward.  
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